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2  EXPERIMENTS   ON    FLOW    OF   WATER   IN    PIPES. 

Intboduction. 

The  history  of  the  experiments  to  be  described  may  be  considered 
as  properly  beginning  in  the  summer  of  1893,  when  the  writers  became 
associated  in  the  Engineering  Department  then  organized  by  the 
Board  of  Water  Commissioners  of  the  City'  of  Detroit,  Mich.,  the 
Regulations  governing  which  prescribing,  as  among  the  duties  of  the 
Civil  Engineer,  the  head  of  that  Department,  that  "He  shall  particu- 
larly have  charge  of  the  Distribution  System,  and  shall  make  it  his 
especial  study  and  care  that  the  said  system  shall  be  as  perfect  as 
possible." 

Beginning  with  such  crude  instruments  as  Bourdon  gauges,  and 
gradually  working  up  past  the  mercury  column  to  the  more  delicate 
apparatus  to  be  described  later,  many  valuable  and  interesting  data 
were  obtained  in  the  next  three  years,  which  would  compare  not  unfa- 
vorably with  work  done  by  others,  and  which,  from  time  to  time,  has 
been  presented  before  this  and  similar  societies ;  but  the  opportunity 
of  taking  up  this  i^articular  investigation  systematically,  though  long 
looked  forward  to,  did  not  offer  itself  until  the  fall  of  1896,  when  the 
Engineering  Department  recommended,  and  the  Board  ordered,  the 
laying  of  a  30-in.  main  through  a  distance  of  about  5  000  ft.  to  connect 
two  older  mains.  The  course  selected  for  this  main  embraced  ten  right- 
angled  deflections,  including  the  two  at  the  beginning  and  end,  the 
deflections  being  alternately  to  the  right  and  left.  In  the  design  of 
this  work,  which  was  immediately  constructed,  provision  was  made 
for  the  experiments  under  consideration.  Further  constructions  in 
1898  enabled  the  investigations  to  be  extended  to  16-in.  and  12-in. 
pipe,  which  work  has  been  carried  on  since  at  intervals  as  opportunity 
occurred.  Descriptions  of  these  constructions  will  be  found  in  this 
paper  under  the  headings,  "  Thirty-Inch  Cast-iron  Pipe,"  "  Sixteen- 
Inch  Cast-iron  Pipe"  and  "  Twelve-Inch  Cast-iron  Pipe." 

Object  of  the  Experiments. 

The  purpose  of  the  investigation  was  to  determine  the  effect  of 
curvature  upon  the  flow  of  water  in  closed  circular  conduits  under  pres- 
sure, and,  particularly,  to  examine  the  effect  of  changes  in  radius  of 
curvature  upon  the  losses  of  head  in  those  cases  occurring  in  ordinary 
water- works  distribution  systems.  In  carrying  out  this  purpose  it  has 
become  necessary  to  investigate  various  allied  problems,  and  to  devise 
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and  construct  special  apparatus  to  further  its  accomplishment.  Some 
of  these  secondary  questions  have  proved  of  almost,  if  not  quite,  as 
great  interest  as  the  main  question,  but  the  fact  is  not  to  be  lost  sight 
of  that  the  effect  of  curvature  was  the  subject  chiefly  under  consid- 
eration. 

Having  already  satisfied  themselves  that  there  were  no  data  extant 
that  an  engineer  was  warranted  in  api>lying  to  the  cases  occurring  in 
ordinary  practice,  notwithstanding  the  unanimity  of  opinion  expressed 
in  hydraulic  treatises,  the  writers  have  considered  it  unnecessary  to 
present  any  resume  of  the  meager  data  supposed  to  bear  upon  the 
question  in  hand,  nor  do  they  propose  in  the  body  of  this  paper  to 
devote  attention  to  any  experiments  which  have  already  been  pub- 
lished.* The  intention  has  been  to  observe  existing  conditions  as 
accurately  as  possible,  and  to  present  the  results  first  as  they  were 
observed,  and  then  with  such  reductions  as  careful  study  of  them 
suggested;  and  to  discuss  nothing  with  which  a  familiarity  has  not 
been  gained  by  actual  contact. 

The  writers  do  not  pretend  by  any  means  to  have  exhausted  the 
subject,  and,  as  these  investigations  cover  only  curves  of  90°,  and  do 
not  reach  the  curves  of  very  long  radius  occasionally  used,  there  is 
still  a  very  interesting  and  extensive  field  left  untouched. 

Conditions  of  Experiment. 
The  Lines  Investigated. — The  pipe  lines  experimented  ujion  were  in 
every  case  a  part  of  the  distribution  system  of  the  Detroit  Water- 
Works,  and  were  required  to  perform  their  designed  function,  either 
wholly  without  interruption,  or  with  very  brief  intermissions.  It 
became  necessary,  therefore,  to  operate  at  such  times  and  in  such  a 
manner  as  not  to  interfere  mth  the  regular  service.  For  this  reason, 
the  work  of  the  first  series  of  experiments  ujjon  the  30-in.  pipe  was 
generally  done  at  night,  and,  in  order  that  the  additional  consumption 
of  water  should  prove  the  least  serious  at  the  pumping  station,  Satur- 
day night  was  usually  selected,  although  the  fii'st  observations  were 
made  on  Memorial  Day,  May  30th,  1898.  The  other  series  have  been 
carried  out  in  the  day  time,  but  velocities  have  been  necessarily 
restricted  and  variations  frequent. 

*  A  discussion,  of  the  previous  investigations  ujKjn  this  subject,  by  one  of  the  writers, 
may  be  found  in  The  Technic  for  1899,  published  by  the  Engineering  Society  of  the  Uni- 
versity of  Micbigan.Ann  Arbor. 
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The  Force  Employed.— The  party  was  made  up  of  the  employees 
of  the  Eugineering  Department,  with  an  occasional  assistant  from 
outside. 

In  addition  to  the  writers,  who  have  each  handled  every  instru- 
ment and  each  had  charge  of  the  party,  the  following  men  have  been 
engaged  as  observers  and  recorders  in  these  investigations : 

Eugene  A.  Rummler,  Draftsman,  Eng.  Dept.,  Observer  on  Pitot 

tube  and  resistance  gauge. 
W.  Edgar  Hewitt,  Draftsman,  Eng.  Dept.,  Observer  on  Pitot 

tube  and  resistance  gauge. 
J.    Edward   McGrath,*  Draftsman,    Eng.    Dept.,    Observer   on 

Pitot  tube  and  resistance  gauge. 
J.  T.  Wagner,  Rodman,  Eng.  Dept.,  Observer  on  Pitot  tube  and 

meters. 
Herbert  O.  Hanford,  Draftsman,  Eng.  Dept. ,  Observer  on  resist- 
ance gauge  and  Recorder  on  Pitot  tube. 
Edward  A.  Kirby,  Clerk,  Eng.  Dept.,  Observer  and  Recorder  on 

Pitot  tube. 
Anthony  F.  Dierkes,  Draftsman,  Eng.  Dept.,  Observer  on  resist- 
ance gauge,  and  maker  of  instruments. 
George  G.  Gibson,  Clerk,  Ii'on  Pipe  Dej^t.,  Recorder  on  Pitot  tube. 
Robert  N.    Burnham,    Draftsman,    Eng.    Dept.,   Observer   and 
Recorder  on  resistance  gauge. 
This  force  does  not  include  men  required  to  operate  gates,  in  mak- 
ing shut-oflfs  and  controlling  the  discharge. 

Dales  mvl  Duration. — The  dates  of  these  investigations  were  approx- 
imately as  follows: 

30-in.  investigations  of  1898,  May  30th,  to  September  21st. 
16-in.  "  "     September. 

r2-in.  "  "     November. 

30-in.  '<  1899,  June. 

12-in.  "  "    June. 

Since  the  field  work,  in  each  case,  the  available  time  of  the  writers 
and  their  assistants  has  been  spent  in  the  discussion  of  the  data 
obtained,  but  no  estimate  can  be  given  of  the  time  actually  spent  in  the 
investigation  as  a  whole,  which  has  now  extended  over  a  period  of 
more  than  three  years,  from  preliminary  experiments  on  12-in.  pipe, 
in  November,  1897,  to  the  last  work  on  the  30-in.  line  in  January, 
1901. 

Scope  of  Investigatio7is.~The  investigations  embraced  simultaneous 
observations  of  the  loss  of  head  in  at  least  two  sections  of  the  line 
*  Died  January  6th,  1901,  at  Detroit. 
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being  investigated,  and  a  determination  of  the  velocity  in  the  pipe. 
The  ranges  of  mean  velocity  experimented  with  have  been : 

For  30-in.  pipe,  zero  to  3.5  ft.  per  second. 
"    16-in.     "         "         5.8  ft. 
"    12-in.     "         "         4.8  ft. 

They  have  also  embraced  examinations  of  the  distribution  of  veloci- 
ties within  the  pipes,  and  of  pressures  around  the  circumference,  and 
some  experiments  upon  the  flow  of  water  in  2-in.  and  5-in.  brass  pipes. 

Incidentally,  they  include  the  rating  and  standardizing  of  the  instru- 
ments used,  and  a  study  of  the  differences  of  condition  between  instru- 
ments moving  in  still  water,  and  instruments  stationary  in  moving 
water. 

Reductions  of  Observations. — Owing  to  the  removal  of  one  of  the 
writers  from  the  scene  of  the  investigations  before  the  completion  of 
the  experiments  it  has  been  necessary  to  divide  the  work  of  the  prepa- 
ration of  the  results  for  publication,  and,  while  frequent  consultations 
have  been  held  and  all  have  been  kept  fully  informed  of  every  part  of 
the  work  as  it  progressed,  both  in  the  ex^^erimental  stage  and  in  the 
digesting  of  the  gathered  material,  the  writers  feel  some  regret  at  not 
being  able  to  spend  together  the  time  devoted  to  the  computations 
and  consideration  of  results,  as  some  points  might  be  brought  out 
more  clearly  by  a  free  discussion  of  the  unreduced  data,  but  this  work, 
like  most  of  its  kind,  is  only  an  incident  among  the  many,  and,  there- 
fore, has  had  to  take  a  subordinate  place,  other  matters  being  of 
more  importance. 

Nomenclature. 

The  following  abbreviations  and  terms  are  used : 

A  =  Area; 

a  =  Coefficient; 

b  =  Constant; 

c  =  Coefficient  in  Chezy  formula; 

d  =  Diameter  of  a  circular  pipe; 

G  =  Gauge; 

a  =  Acceleration  due  to  gravity  =  32.2  ft.  per  second; 

H  =Head; 

H^  ^=  Head  lost  in  friction  and  other  resistance  between  two  points 

in  a  closed  pipe  of  uniform  section; 

Hv  =  Head  producing  velocity ; 

H^  =  Head  producing  velocity  at  the  center  of  the  pipe; 

I  =:  Length; 

m  =  Coefficient  or  exponent; 

n  =  Coefficient  or  exponent ; 

V  =  Pressure; 
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P.  a  =  Point  of  Curvature  =  Beginning  or  up-stream  end  of  a  curve 

in  the  pipe  line; 
p   J    ^  Point  of  Intersection  =  Intersection  of  two  tangents  to  a 

curve  in  tlie  pipe  line;  .  -,  ^  i     r 

p    rp  ^  Point  <if  Termination  =  Termination  or  down-stream  end  of  a 

curve  in  the  pipe  line; 
Q        =  Quantitv  of  discharge,  in  cubic  feet^per  second ; 
R        =  Kadius  of  curvature  of  axis  of  pipe ; 
r  =  Radius  of  a  right  section  of  circular  pipe; 

fff 
n         =  Slope  -J  ; 

T        =Tube; 

Tan.    =  Tangent;  ■     n   v. 

U       =  Mean  velocity,  in  feet  per  second,   m   pipe,  determined   by 

weight  of  water  discharged; 
V        =  Velocitv,  in  feet  per  second; 

V^       =  Velocitv,  in  feet  per  second,  at  the  center  of  pipe; 
V^      =  Mean  velocity,  when  determined  other  than  by  weight; 
F(        —  Velocitv  at  anv  point,  determined  by  the  Pitot  tube; 
V^^^   =  Maximum  velocity,  in  feet  per  second,  observed  in  a  pipe; 
W       =  Weight,  in  jjounds  avoirdupois. 

"Reading"  is  the  term  used  to  designate  a  single  reading  of  the 
scale  of  an  instrument. 

"  Observation  "  is  used  to  designate  such  a  combination  of  read- 
ings, one  or  more,  as  form  a  complete  unit  in  the  result. 

"Experiment"  is  used  to  designate  a  set  of  observations  made 
under  practically  constant  conditions. 

"  Series  "  is  used  to  designate  a  number  of  experiments  made  upon 
the  same  section  of  the  line. 

"  Traverse  "  is  a  term  used  to  describe  the  operation  of  measuring 
velocity  with  the  Pitot  tube  by  taking  observations  consecutively  at 
different  points  along  a  diameter  of  the  pipe. 

"Position,"  Avhen  ajjplied  to  a  "traverse,"  designates  the  result 
of  the  set  of  obsr  v^ations  taken  at  a  single  setting  of  the  instrument, 
i.  e.,  at  one  point  on  the  diameter  traversed. 

"  Piezometer  "  designates  the  oi^ening  or  openings  in  the  pipe  wall 
or  the  side  of  a  chamber  by  which  the  pressure  of  the  water  flowing- 
past  is  communicated  to  a  gauge. 

PrroT  Tubes. 
Description  of  Pitot  Tubes  and  Their  Use. 

Form<<  of  Tnhes.—k  Pitot  tube,  when  complete,  consists  essentially 
of  two  pipes,  one  of  which  terminates  in  an  orifice  which  may  be  so 
directed  as  to  receive  the  impact  of  a  flowing  stream,  while  the  other 
terminates  in  an  orifice  which  may  be  set  at  right  angles  to  the  direc- 
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tion  of  the  flowing  stream  and  may  then  communicate  its  pressure'. 
The  former  is  called  the  velocity  or  impact  tube  or  opening  or  simply 
the  point,  and  the  latter  the  pressure  opening  or  the  side.  ,  The  latter 
may  terminate  in  an  orifice  or  orifices  in  the  pipe  wall,  or  may  open 
into  the  body  of  the  stream,  and  it  may  be  so  arranged  as  to  communi- 
cate something  less  than  the  pressure  in  the  stream,  in  which  case  the 
instrument  is  enabled  to  be  used  at  lower  velocities  than  when  the 
full  pressure  is  communicated.  In  connection  with  these  investiga- 
tions there  have  been  used  eleven  different  tubes  which  are  designated 
as  follows: 

Nos.  1,  2,  3,  4,  5  and  6;  A,  B,  C,  D  and  E. 

These  tubes  were  of  brass,  and  are  shown  on  Plate  I. 

Tube  No.  1  was  the  first  built,  and  was  used  in  some  preliminary 
investigations  upon  12-in.  pipe  made  in  the  fall  of  1897,  as  was  also 
Tube  No.  2  which  was  made  from  it  by  increasing  the  size  of  the 
interior  pipe,  connecting  to  the  pressure  oijening,  to  avoid  the  possi- 
bility of  the  loss  of  head  in  the  small  internal  pipe  affecting  the 
reading  of  the  gauge.  These  tubes  which  may  be  called  the  "  Bazin 
form,"  from  their  resemblance  to  the  instrument  used  by  M.  Henry 
Bazin  in  his  studies  of  the  liquid  vein,  had,  as  shown,  a  single  pressure 
opening  in  the  bottom. 

Although  the  results  obtained  with  them  were  very  satisfactory,  it  was 
thought  that  even  better  results  could  be  obtained  with  the  form  rep- 
resented by  Nos.  3,  4  and  6,  in  which  the  pressure  openings  were  four, 
located  90^  apart  and  45^  from  the  knife-edge,  around  the  sides  of  the 
bulb,  in  the  point  of  which  was  the  impact  opening.  The  bulb 
formed  an  equalizing  chamber  to  the  four  pressure  openings.  This 
form  is  somewhat  similar  to  one  discovered  by  the  writers,  in  a  German 
work  on  hydraulics,  many  months  after  theirs  were  constructed.  These 
three  tubes  differed  only  in  the  size  and  form  of  the  bulb  and  sustaining 
knife-edge,  Tube  No.  3  having  the  finest  and  No.  6  the  coarsest  lines. 

Tube  No.  5  was  made  from  Tube  No.  2  by  jjlugging  the  original 
pressure  opening,  and  drilling,  at  right  angles  to  its  axis  and  to  that 
of  the  imjjact  opening,  a  hole  entirely  across  the  instrument  connect- 
ing with  the  original  jiressure  tube,  and  filing  away  the  heel  of  the 
instrument. 

Tubes  A,  B  and  C  were  as  nearly  alike  as  a  skilled  workman  could 
make  them.     Thev  mav  be  called  the  "  Freeman  form,"  from  a  resem- 
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blance  to  an  instrument  built  by  John  R.  Freeman,  M.  Am.  Soc.  C.  E., 
jilthouKh  they  possess  a  marked  difference  in  the  form  of  the  point. 

Tube  D  was  built  for  use  in  very  small  pipe,  and  it  is  quite  similar 
to  Tube  No.  5,  except  that  its  lines  are  finer  and  the  impact  opening 
cuts  away  the  knife-edge,  causing  it  to  apfear  notched  in  the  side 
view.  It  has  also  a  down- stream  opening  which  has  not  been  used. 
Tube  E  was  designed  for  similar  use,  and  contains  only  an  impact 
opening,  the  pressure  being  supplied  from  piezometers  in  the  side  of 
the  pipe.  Its  impact  opening  is  very  similar  to  those  of  Tubes  A,  B 
and  C,  but  much  smaller. 

The  Gatiges. — For  the  purpose  of  observing  with  the  Pitot  tube,  it 
is  necessary  to  connect  each  tube  with  a  gauge  by  which  the  difference 
in  pressure  can  be  observed.  The  most  satisfactory  form  consists  of 
two  parallel  glass  pipes  connected  at  the  top  and  having  a  scale 
between  or  behind  them.  The  upper  portions  of  these  jDipes  remain 
filled  with  air  when  the  water  rises  in  the  lower  portion,  and  the  dif- 
ference of  head  is  then  read  in  water  upon  the  scale.  Six  gauges  were 
used  for  this  purjiose,  and  designated  as  Nos.  4,  5,  8  and  9,  and  "  C 
double  "  and  "  C  triple."  Numbers  4  and  5  were  duplicates,  and  con- 
sisted of  inverted  glass  U-tubes  about  -j^  in.  in  internal  diameter. 
Numbers  8  and  9  were  duplicates,  and  consisted  of  straight  tubes  of 
\  in.  internal  diameter,  joined  at  the  top  by  a  brass  casting.  The 
construction  of  Gauges  Nos.  5  and  9  is  shown  in  Figs.  1  and  2.  The 
scales  of  the  C  gauges  were  divided  in  double  centimetier  units  and 
subdivided  to  tenths,  the  smallest  division  being  2  mm.  The  scales 
of  Gauges  Nos.  4,  5,  8  and  9  were  divided  into  inches  and  tenths.  For 
work  in  the  field,  these  gauges  were  mounted  upon  tripods  or  hung  on 
the  side  of  the  gate-wells  in  which  the  observations  were  taken. 

Connections  Between  the  Gmtges  and  the  Tubes. — The  tubes  were  con- 
nected to  the  gauges  by  rubber  hose,  §  in.  in  internal  diameter  and  10 
to  20  ft.  long,  equal  lengths  being  used  on  each  side,  and  care  being 
taken  to  expel  the  air  before  connecting  up. 

Method  of  Inserting  the  Tube  in  the  Pipe.— These  tubes  have  all  been 
designed  for  insertion  into  the  pipe  through  a  1-in.  round-way  cor- 
poration cock,  such  as  may  be  inserted  in  any  main  while  under 
pressure,  with  a  Mueller,  Payne,  Lennox  or  Walworth  tapping  ma- 
chine. The  cock  being  set  in  the  main  at  the  place  of  observation, 
the  follower  and  tail  piece  is  removed,  and,  in  the  latter's  place,  is 
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substituted  a  stuffing-box,  shown  in  Fig.  4,  sufficiently  long  to  contain 
the  portion  of  the  tube  below  the  cylintlrical  casing.  This  stuffing- 
box  being  fastened  to  the  cock,  with  a  gasket  between  them,  by  the 
follower,  the  tube  is  then  inserted  in  it  and  the  nut  at  its  top  screwed 
down  against  a  rubber  packing  which  grii^i  the  tube.  The  cock  is 
then  opened,  and  the  tube  may  be  shoved  into  the  interior  of  the  pipe 
and  set  at  any  desired  position.  The  pointing  of  the  tube  is  adjusted 
by  aligning  the  arm  at  the  top  of  the  instrument  with  the  direction  of 
the  jjipe. 

Method  of  Measuring  the  Diameter  of  the  Pipe.— In  order  to  measure 
accurately  the  internal  diameter  of  the  pipe  experimented  upon,  the 
same  stuffing-box  was  used  with  a  cap  having  an  eccentric  opening. 
Through  this  was  passed  a  rod  terminating  at  the  bottom  in  a  hook 
somewhat  like  the  letter  J,  and  having  a  heel  projecting  about  \  in.  at 
the  bottom.  This  was  made  of  such  size  that,  when  the  cap  was  on, 
the  hook  would  pass  through  the  cock  in  one  position,  but,  when 
reversed  after  entering  the  pipe,  the  point  of  the  hook  would  locate 
the  inside  of  the  pipe  next  to  the  cock.  The  rod  was  pushed  in  until 
the  heel  located  the  farther  side,  then  reversed  and  withdrawn  until 
the  point  located  the  near  side, when  the  distance  measured  on  the  rod 
extending  from  the  stuffing-box,  between  the  two  positions,  plus  the 
distance  fi-om  the  heel  to  the  point,  gave  the  diameter.  Bytiirningthe 
rod  around  again  it  could  be  withdrawn  from  the  pipe.  Allowing  for 
reasonable  roughness  of  th«  pipe  wall,  the  diameter  could  be  determined 
by  this  means  within  less  than  -3-3  in. 

Method  of  Observation. — In  part  owing  to  the  pipes  experimented 
upon  being  supplied  by  direct  pumping,  a  pulsation  in  the  water 
columns  was  noticeable  on  the  Pitot  tube  gauges.  Where  glass  tubes, 
considerably  in  excess  of  the  diameter  of  the  orifices  in  the  Pitot 
tubes,  were  used,  as  for  example  those  of  Gauges  Nos.  4  and  5,  these 
pulsations  were  not  rapid,  and  of  comparatively  short  amplitude;  but 
when  the  smaller  columns  of  Gauges  Nos.  8  and  9  were  used,  the  num- 
ber of  pulsations  became  quite  high,  10  to  20,  and  even  100  per  minute 
being  observed,  and  their  ampUtude  sometimes  was  several  inches. 
While  the  larger  columns  were  more  easily  read,  some  preliminary 
experiments  with  tubes  of  |-in.  diameter  showed  that  a  consider- 
able length  of  time  (sevei'al  minutes)  was  required  for  the  columns 
to  come  to  equilibrium  after  a  change  of  velocity,  and,  as  it  would 
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uot  be  possible  to  maintain  steady  velocities,  it  -svas  considered  best 
to  nse  a  small  column  which  could  be  depended  upon  to  respond 
promptly  to  such  changes  as  might  occur.  Therefore,  particu- 
larly in  traversing,  Gauges  Nos.  8  and  9  \»ere  generally  used  with 
the  tubes. 

In  reading,  the  practice  was  to  read  the  two  extremities  of  the 
vibration  in  each  column,  the  two  upper  extremities  being  read  simul- 
taneously by  a  single  observer  and  then  the  two  lower,  the  readings 
being  called  to.  a  recorder  who  entered  the  time  and  the  readings  in  a 
notebook.  It  was  found  that  an  observer  could  read  the  four  posi- 
tions to  the  smallest  division  of  the  scale,  which  was  graduated  to 
tenths  of  an  inch,  once  every  15  seconds,  and  this  was  the  rate  of 
reading  practiced  when  the  tube  was  traversing  the  pipe,  after  the 
first  few  expex'iments  in  which  the  observations  were  taken  30 
seconds  apart.  "When  the  instrument  was  on  the  center  at  the 
comi)letion  of  or  between  traverses,  the  four  readings  were  usually 
taken  every  30  seconds.  A  jjerson  recording  for  himself  would  be 
able  to  get  the  four  readings  about  once  in  40  to  50  seconds. 

In  measuring  the  discharge  of  a  pipe  with  a  Pitot  tube,  it  was 
necessary  at  first  to  traverse  the  diameter  of  the  pipe  with  the  instru- 
ment, /.  e.,  to  take  readings  at  various  points  along  the  diameter. 
In  order  to  simplify  the  reductions  and  give  the  positions  equal 
weight,  the  area  of  the  pipe  was  divided  by  a  series  of  concentric 
circles  into  a  central  core  and  concentric  rings  of  equal  area  and  a 
position  was  taken  at  the  center,  at  the  edge  of  the  pipe,  as  nearly  as 
the  tube  could  approach,  and  on  each  intersection  of  the  dividing 
circles  with  the  diameter.  At  each  location  the  four  readings  were 
taken  three  times,  which  occupied  45  seconds,  and  the  instrument 
was  then  moved  to  the  next  position,  so  that  a  position  per  minute 
was  occupied.  In  the  earlier  traverses,  when  observations  were  80 
seconds  apart,  live  were  taken  at  a  position.  The  first  position 
was  the  center,  then  the  side  of  the  pipe  was  taken  and  then  the 
points  consecutively  across  the  pipe,  returning  to  the  center  at  the 
close.  This  complete  operation  was  called  a  "Traverse."  To 
locate  the  point  of  the  instrument,  an  observing  stick  was  used  corre- 
sponding in  its  divisions  to  those  of  the  diameter  of  the  pipe,  which, 
when  rested  against  the  top  of  the  stuffing-box,  gave  the  setting  by  a 
collar  on  the  tube. 
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Method  of  Reducing  Pitot  Tube  Observations. — Inasmuch  as  the  poiut 
of  the  tube  is  directed  so  as  to  receiv  the  impact  of  the  flowing  stream, 
it  has  been  argued,  on  theoretical  grounds,  that  the  difference  of  head 
observed  is  2  i/,.,  from  the  law  of  fluid  impact  which,  as  given  by 
Weisbach,  is  that: 

"The  normal  impulse  of  water  against  a  plane  surface  is  equal  to 
the  weight  of  a  column  of  water,  the  cross-section  of  whose  base  is 
equal  to  that  of  the  stream,  and  whose  height  is  twice  that  due  to  the 

velocity  (2 /r„  =.2^Y" 

Some,  however,  prefer  to  consider  the  head  observed  as  the  velocity 
head,   and  so   have   proposed,   for  reducing,   the  formula  H  — 

not  H  =  —. 

9 

Practically,  it  makes  very  little  difference  which  form  of  expression 
is  adopted,  as  the  change  is  provided  for  in  the  coefficient  of  the 
instrument.  For  exami^le,  having  a  certain  known  velocity,  U,  the 
tube  shows  a  velocity,  V^  =^  sj  1  g  H,  by  the  velocity-head  theoiy,  and 
F2  =  fsj  g  H  hj  the  impact  theory.  There  then  results  U  =  m  V^ 
=  n  V2,  where  m  and  n  would  be  coefficients  of  the  tube,  and  might, 
theoretically,  be  greater  or  less  than  unity,  according  to  the  form  of 
the  instrument.  From  the  foregoing  relation  there  also  results 
m  \/  2  g  H  ^=  71  \f  g  H,  or  m  ^  2  =  w,  whence,  if  ni  =  unity,  n  = 
\/'2  =  1.4142;  and  if  n  =  unity,  m  =  0.7072. 

The  writers  prefer  the  velocity-head  theory,  for  the  reason  that  they 
have  been  able  to  design  an  instrument  which,  according  to  this  theoiy, 
has  a  coefficient  of  nearly  unity  and  others  having  coefficients  as  low  as 
0.75,  but  they  have  as  yet  been  unable  to  produce  one  having  a 
coefficient  approaching  unity,  on  the  impact  theory,  without  intro- 
ducing what  they  interpret  as  other  efiects  than  those  of  simple  impact. 
Accordingly,  the  difference  in  height  of  the  two  columns,  as  determined 
from  the  means  of  the  extremities  of  the  vibrations,  has  been  treated  as 

the  head  to  which  the  velocity  is  due,  or  H^  =  -^ —  . 

As  the  gauge  scales  were  graduated  in  inches  and  tenths,  there 
results  V,  in  feet  per  second,  =     I — ~^  =     I  — r^  ^^0  =2.32  v  ^v- 

The  velocity   corresponding  to  the   mean  H^  for  each  jjosition  is 
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dt'tormincd  acpording  to  this  equation.  Tlie  value  at  the  center,  to  be 
used  in  determining  the  mean,  is  obtained  bv  taking  the  sum  of  tlie 
velocity  of  the  first  and  third  positions  th^e  and  twice  that  of  the 
second  and  dividing  it  bv  four.  Bearing  in  mind  that  the  points  of 
obsenation  divide  the  pipe  into  rings  of  equal  area,  the  mean  velocity 
is  determined  by  the  summation  of  half  the  extreme,  or  side,  velocities, 
twice  the  center  velocity,  as  just  obtained,  and  the  intermediate  veloci- 
ties, all  divided  by  the  number  of  positions.  The  center  velocity,  being 
observed  at  the  beginning,  middle  and  end  of  each  traverse,  has  been 
used  twice  in  computing  the  mean  velocity,  to  comjiensate  for  the  defi- 
ciency occurring  from  the  summation  of  the  several  velocities.  The 
eflfect  of  this  is  to  give  a  value  of  F^,  about  0.6  of  1%  higher  than  would 
be  obtained  by  integrating  the  volume  of  revolution  generated  by  the 
mean  curve  drawn  through  the  observations  when  21  positions  are  used. 
Effect  of  Pressure  mid  Temperature  upon  Gauge  Readmgs. — To  be 
strictly  accui'ate,  the  difference  in  head  represented  by  the  two 
columns  of  air  in  the  differential  gauge  should  be  subtracted  from  the 
difference  of  the  two  water  columns.  The  value  of  this  difference  of 
the  air  columns  changes  with  both  temperature  and  pressure,  and  may 
be  readily  computed  from  the  "Law  of  the  Expansion  of  Gases." 
Inasmuch,  however,  as  the  experiments  described  have  been  made  under 
pressures  having  a  range  of  from  15  to  35  lbs.,  or  only  about  one 
atmosphere,  excepting  the  tank  ratings,  and  the  temperature  range 
has  been  only  about  40^  Fahr.,  the  mean  being  near  70^  Fahr.,  except 
on  the  12-in.  work,  when  the  mean  was  about  40=*  with  a  minimum  of 
of  32^,  and  the  rating  of  the  tubes  in  the  pipe  has  been  conducted 
under  pressures  between  IG  and  25  lbs.,  and  a  temperature  of  about 
70=  Fahr.,  no  attempt  has  been  made  to  correct  the  tube  observations 
for  either  temperature  or  pressure.  In  comparing  the  tank  and  pipe 
ratings,  the  effects  of  pressure  would  be  apparent,  though  very  small. 

Calibration  of  the  Tubes. 
In  Open  Tank  and  Still  Water:  Apparatus.— In  order  to  establish 
the  ratio  existing  between  the  true  velocity  and  that  deduced  from  the 
readings  of  the  tube  gauge  by  the  foregoing  reduction,  the  method  of 
calibration  usually  adopted  with  current  meters,  viz.,  that  of  moving 
the  instrument  through  stUl  water  at  known  velocities,  was  first  tried. 
For  this  purpose  a  circumferential  trough,  rectangular  in  section,  9 


EXPERIMENTS   ON    FLOW    OF    WATKU    IN    PIPES. 


15 


APPARATUS  FOR  RATING  PITOT  TUBES 
IN  STILL  WATER. 


T4nk,  circular. 


ELEVATION 


—on- ^ 


Fig.  S. 


IG  EXPERIMENTS   ON    FLOW    OF   WATER   IN   PIPES. 

inB.  wide  and  8  ins.  deep,  was  built  of  galvanized  iron,  as  shown  Id 
plan  and  sectional  elevation  in  Fig.  3.  Tho  diameter  of  its  center  line, 
which  was  made  the  path  of  the  tube,  was  11  ft.  10  ins.  The  tube  to 
be  rated  was  supported  upon  an  arm  attached  to  a  central  shaft  which 
was  free  to  revolve  in  bearings  on  the  floor  and  ceiling,  and  which 
also  supported  the  gauge  and  a  seat  for  the  observer.  The  gauge  was 
connected  with  the  tube  by  the  usual  rubber  hose,  the  point  of  the 
tube  being  3  ins.  below  the  surface  of  the  water  in  the  trough. 

In  Open  Tank  and  St iU  Water:  Experiments.— The  arm  carrying  the 
tube  was  revolved  by  a  man  walking  behind  it  and  allowing  it  to 
simply  rest  against,  and  not  be  grasped  by,  his  hand;  and  the  time  of 
each  revolution  was  taken,  from  a  watch  reading  to  i  second,  when 
the  arm  passed  a  certain  point  on  the  trough.  As  soon  as  a  revolution 
was  completed,  the  time  recorder  called  out  the  seconds  consumed  by^ 
it  as  a  guide  to  the  maintaining  of  a  uniform  speed.  A  separate 
recorder  was  found  necessary  for  the  gauge  readings,  and  these  were 
taken  as  in  the  field-work,  but  as  frequently  as  they  could  be  read, 
often  every  5  seconds.  The  velocities  were  maintained  as  nearly 
uniform  as  possible  for  periods  of  at  least  5  minutes,  and  the  results 
so  obtained  were  plotted  as  a  log,  with  times  as  the  abscissas,  and 
gauge  readings  and  true  velocities  as  the  ordinates,  and  from  these 
plottings  periods  of  uniform  condition  w'ere  selected,  to  be  averaged  and 
used  for  each  experiment,  which  averages  are  presented  in  Table  Xo.  1. 

As  the  gauge  was  working  under  less  than  atmospheric  pressure,  it 
being  located  above  the  water  surface,  considerable  skill  was  required 
to  expel  the  air  from  the  connecting  hose  and  keep  it  from  working  in. 
Frequent  observations  were  taken  with  the  tube  still,  by  which  defects 
in  the  conditions  could  be  easily  detected.  To  prevent  the  passage  of 
the  tube  from  generating  a  velocity  in  the  water  of  the  trough  very 
thiu  paddles  of  sheet  tin  were  inserted  at  several  points,  filling  the 
cross-section,  and  these  were  carefully  withdrawn  as  the  tube 
approached  and  replaced  after  it  had  passed.  The  watch  used  was 
com  [tared  with  a  well-regulated  ordinary  watch  and  its  rate  deter- 
mined at  the  beginning  and  end  of  the  experiments,  and  the  correc- 
tion api)lied  in  the  reductions. 

These  experiments  were  made  in  the  Water  Office  at  Detroit,  in 
January,  February  and  July,  1899,  the  room  being  artificially  heated 
during  cold  weather. 
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In  Open  Tank  and  StiU  Water:  Results.-Txxhes  Nos.  3,  5  and  6  were 
calibrated  in  the  open  tank  as  just  described,  and  the  results  of  each 
Bingle  revolution  are  plotted  on  Plate  11.  and  in  Table  No.  1  the 
experiments  have  been  grouped  according  to  the  velocity,  as  com- 
puted  from  the  tube  readings,  which  is  called  the  apparent  velocity. 
The  number  of  experiments  in  each  group  is  shown  in  the  first  col- 
umn. The  ratio  of  the  true  to  the  apparent  velocity,  which  is  the  coeffi- 
cient of  the  tube,  is  also  given.  Rejecting  those  experiments  in  which 
the  true  velocity  was  less  than  1  ft.  per  second,  the  arithmetic  mean 
gives  the  following  values  for  the  several  tubes  and  gauges: 

Coefficient. 

Tube  No.  3 Gauge  No.  9 0.9142 

6 "         9 0.9658 

5 "         9 0.8506 

5 "         5 0.8351 

From  the  plottings  of  the  individual  observations,  taking  the  slopes 
of  the  mean  lines,  which  have  been  located  by  stretching  a  thread  and 
averaging  its  position  by  the  eye,  the  ratios  obtained  are : 

Coefficient. 

Tube  No.  3 Gauge  No.  9 0.926 

6 "         9 0.950 

5 "         9 0.859 

5 "         5 0.859 

By  the  grouping,  it  was  expected  that  the  effect  of  velocity,  if  there 
were  such  an  effect,  would  be  more  clearly  shown,  but,  after  a  study 
of  the  results,  it  was  concluded  that  the  effect  of  velocity  on  the  coeffi- 
cient of  the  tubes  was  insignificant,  except  in  the  case  of  Tube  No.  5, 
the  plottings  of  the  ratings  of  which  are  notable,  in  that  they  show, 
for  the  experiments  with  both  gauges,  a  peculiar  sinuosity  of  the  locus 
which  has  no  apparent  counterpart  in  the  ratings  of  Tubes  Nos.  3  and  6. 

In  Closed  Pipes,  with  Flowing  Water:  Apparatus. — As  it  was  possible 
to  imagine  conditions  which  might  produce  different  coefficients  for 
these  iustruments  when  rated  in  still  water,  as  just  described,  from 
those  which  should  be  used  in  the  reduction  of  the  field  observations,  it 
was  determined  to  attempt  a  rating  in  a  closed  pipe.  For  this  pur- 
pose the  resources  of  the  Hydraulic  Laboratory  of  the  College  of  Civil 
Engineering  of  Cornell  University  were  kindly  placed  at  the  disposal 
of  the  writers  by  Professor  E.  A.  Fuertes,  M.  Am.  Soc.  C.  E.,  Director 
of  the  College,  and  experiments  have  been  carried  on  there  by  the 
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writers,  ho^inning  in  August,  1899,  and  continuing  to  March,  1901,  in 
which  they  have  had  the  assistance  of  M.  S.  Darrow,  Jun.  Am.  See. 
C.  E..  Assistant  in  the  Hydraulic  Laboratofy,  and  Mr.  W.  Edward  Wil- 
son, student  in  civil  engineering. 

For  these  experiments  a  system  of  piping  located  in  the  basement 
of  the  College  of  Civil  Engineering  was  utilized.  This  may  be  sup- 
plied directly  from  the  University  mains  or  from  a  tank  in  the  top  of 
the  building,  the  water  surface  in  the  latter  being  about  47  ft.  above 
the  pipe  used.  The  inlet  to  the  system  being  only  a  2-in.  pipe,  the 
size  of  the  experimental  pipe  was  necessarily  limited  to  the  same,  in 
order  to  provide  for  a  suitable  range  of  velocity.  This  2-in.  supply 
pipe  was  led  axially  into  a  cast-iron  cylindrical  receiver  2. 17  ft.  long 
and  1.135  ft.  in  diameter.  A  screen,  consisting  of  a  brass  plate  per- 
forated with  J  and  -^1.-111.  holes  was  located  0.5  ft.  from  the  inlet  end. 
The  outlet  of  this  receiver  was  a  brass  cycloidal  mouthpiece  connect- 
ing to  a  seamless  drawn-brass  pipe  0.416  ft.,  or  5.013  ins.,  in  diame- 
ter. The  diameter  of  the  generating  circle  of  the  cycloid  was  one-fourth 
that  of  the  following  pipe,  and  it  was  rolled  parallel  to  the  axis  of  the 
pipe,  the  cycloid  at  its  middle  becoming  tangent  to  the  pipe  wall. 
This  brass  pipe,  from  the  entrance  of  the  mouthpiece,  was  20.97  ft. 
long,  and  terminated  in  a  similarly  proportioned  cycloidal  mouth- 
piece connecting  to  a  line  of  seamless  drawn-brass  tubing  0.1746  ft., 
or  2.096  ins.,  in  diameter.  At  a  point  68.23  ft.  beyond  the  entrance  to 
the  second  mouthpiece  there  was  arranged  a  connection  for  the  inser- 
tion of  the  tubes,  which  is  shown  in  Fig.  4.  For  the  work  with  Tubes 
D  and  E  the  preceding  length  was  changed  to  68.30  ft.  Beyond  this 
point  the  pipe  extended  straight  for  46.3  ft.,  then  turned  180^  and 
returned  to  a  point  near  the  inlet  where  the  discharge  took  place 
through  a  1-in.  valve  and  nipple.  The  jet  from  this  outlet  passed  into 
a  funnel  of  galvanized  iron  having  a  vertical  diaphragm  in  its  center, 
one  side  of  which  delivered  to  the  waste  drain,  and  the  other  to  a  scale 
tank  of  2  500  lbs.  capacity.  The  scale's  error  was  determined  to  be 
less  than  rV  of  1  per  cent.  The  funnel  was  suspended  so  as  to  swing 
freely,  and  the  jet  could  be  thus  almost  instantaneously  thrown  into 
or  out  of  the  tank,  the  time  required  being  less  than  ^  second.  For 
these  observations,  the  time  was  taken  with  an  ordinary  watch,  and 
the  temperature  of  the  water  weighed  was  taken  with  a  standardized 
thermometer  having  an  error  so  smaU  as  to  be  neglected. 
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Jti  Closed  Pijjes,  with  Running  Water:  Experiments.— 'ih^e  method  of 
experimentation  was  first  to  make  traverses  of  the  pipe  with  the  tubes, 
a  uniform  velocity  being  maintained  and  frequent  weights  being  taken. 
Traverses  were  made  at  the  above  point  with  Tubes  Nos.  3  and  5,  and  D 
and  E.  With  Tube  No.  3  and  Tube  D  the  triple  gauge  was  used,  and 
the  third  column  connected  to  the  circumferential  chamber,  which 
communicated  with  the  interior  of  the  pipe  by  four  rs-in.  holes,  90° 
apart,  drilled  at  right  angles  to  the  axis  of  the  pipe. 

The  data  of  these  traverses  are  presented  in  Table  No.  2,  and  the 
velocities  are  plotted  on  the  upper  part  of  Plate  III.  "With  Tube  E, 
traverses  were  taken  on  two  diameters  at  right  angles,  and,  as  will 
be  seen  from  the  plate,  all  traverses  except  that  with  Tube  No.  5 
show  the  velocity  to  be  a  maximum  at  or  very  near  the  center  of  the 
pipe. 

Previous  experiments  (those  on  the  pipe  lines  at  Detroit)  having 
demonstrated  that  when  the  maximum  velocity  was  at  the  center  of 
the  pipe  a  fairly  constant  ratio  existed  between  the  mean  velocity  and 
that  at  the  center,  and  these  traverses  showing  this  condition  to  be 
approximately  established  at  the  calibrating  point,  advantage  was 
taken  of  the  two  conditions  to  determine  the  constancy  of  the  tube 
coefficients  for  different  velocities.  The  tubes  were  set  upon  the 
center  and  the  water  was  caused  to  flow  past  them  at  velocities  rang- 
ing from  about  \  ft.  up  to  nearly  6  ft.  per  second,  the  discharge  being 
measured  by  weight.  The  results  of  these  experiments  are  presented 
in  Table  No.  3  and  the  lower  part  of  Plate  III,  and  show  that  a  prac- 
tieally  constant  ratio  exists  between  the  mean  velocity  as  obtained  by 
weight  and  the  center  velocity  as  obtained  by  the  tube,  and  this,  with 
the  two  preceding  conditions,  establishes  the  constancy  of  the  tube 
coeiBcients.  If,  now,  the  ratio  of  the  mean  velocity  to  the  center  veloc- 
ity be  established,  these  observations  furnish  the  desired  rating  of  the 
tubes,  provided  that  the  presence  of  the  tubes  themselves  has  not,  by 
reason  of  the  obstruction  they  present,  caused  a  disturbance  of  the  dis- 
tribution of  the  velocities.  The  traverse  made  with  Tube  No.  5,  Plate 
III,  shows  clearly  by  its  lack  of  symmetry  that  the  area  of  this  tube  is 
so  great  that  such  a  method  of  calibration  with  it  is  out  of  the  ques- 
tion, and  the  same  may  be  expected  with  Tube  C;  but,  comparing  the 
traverse  made  with  Tube  No.  3  ^-ith  those  made  with  Tubes  D  and  E, 
it  seems  warrantable  to  apply  such  a  method  of  rating  to  Tube  No. 
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TABLE  No.  2. — Rating  Traverses  In  2-Inch  Brass  Pipe. 
Tube  No.  3,  Horizontal.— December  18th,  19th,  1899. 


n 
■  o 

o 
o 
d 

Point  and  Pressure. 
a. 

Point  and  Ring. 
b. 

Position. 

=r    2 

.2  fc 
1- 

o  g 
I'' 

*^  a 
l§ 

2.0114 

'2!6664' 
1.9984 

1.9978 

,  .a  ® 

*      * 

t-6 
0-1  n 

—  i 

tz 

IK 

>> 

H)  c 
«  u 

Center 

1 

1.88 

2.82 

(6:90) 

2.21  ) 
2.30 
2.38 
2.45 
2.52 
2.58    1 
2.64    ( 
2.74   1 
2.74   j 
2.58 
2.46 
2.32 
2.17   t 
2.05   ) 
1.94 
(1.80) 

1.555 

2.56 

Id'.m  I 

1.89   ) 
1.98 
2.07 
2.18 
2.21 
2.32    1 
2.41    S 
2.51    1 
2.51    ( 
2.35 
2.30 
2.09 
1.98    ) 
1.93    f 
1.66 
(1.59) 

1 

2  0114 

2  West 

2 
3 
4 
6 

7 
8 
9 

10 

11 
13 
14 
15 

16 
17 

1.15 
1.25 
1.34 
1.42 
1.50 
1.58 
1.66 

1.75 

1.57 
1.43 
1.27 
1.11 
1.00 
0.89 

2.21 
2.30 
2.38 
2.45 
2.52 
2.58 
2.64 

2.72  { 

2.575 

2.46 

2.32 

2.17 

2.05 

1.94 

0.80 

0.925 

1.02 

1.125 

1.15 

1.28 

1.38 

1.48 

1.295 

1.145 

1.04 

0.925 

0.885 

0.65 

1.89 

1.975 

2.075 

2.18 

2.205 

2.325 

2.41 

2.50 

2.345 

2.20 

2.095 

1.975 

1.93 

1.66 

3           

4            

5           

2.0064 

6           

7           

8           

1.9984 

C           

10           

11         

12           

13           

14           

15  East 

16           

17           

C           

18 
5 
12 

1.705 

1.43 

1.70 

2.68 
2.46 
•2.68 

2.0005 

1.475 

1.15 

1.40 

2.48 
2.21 
2.43 

2.0006 

5            

8"         

*  Center,  in  Traverses  a  and  6,  is  0.0647  in.  east  of  true  center. 
Note. — Quantities  in  parentheses  are  estimated. 

Tube  No.  5,  Horizontal.— December  18th,  19th,  1899. 


No.  of 
observa- 
tion. 

Point  and  Pressure. 
c. 

Position. 

Head,  H,. 

double 

centimet«rs. 

Velocity,  feet 
per  second. 

Velocity 
used. 

U.  feet  per 
second. 

1 

6.31 

5.17 

1 

2 

2 
3 
4 
5 

6 

8 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

9 

5.20 

5.65 

5.85 

5.95 

6.20 

6.25 

6.40 

6.45 

5.35 

4.775 

4.10 

3.55 

3.05 

2.60 

2.10 

0.375 

6.40 

5.40 

4.68    I 

4.875  ( 

4.965 

5.005) 

5.12    (■ 

5.14 

5.205 

5.225 

4.75 

4.495 

4.16 

3.86 

3.58 

3.31 

2.98 

1.26 

5.21 

8.5T2 

3 

4 

5 

8.575 

6 

7 

8 

3.574 

C 

5.2i 

4.75 

4.50) 

4.16)' 

3.86 

3.58 

8.31 

2.98 

1.26 

3.574 

10 

11 

3.569 

12 

13 

14 

8.566 

15 

16 

17 

8.566 

C. 

8.570 

2 

24 


EXPERIMENTS   ON    FLOW   OF   WATER   IN    PIPES. 


TABLE  No.  2— {Continued). 
Tube  D,  Horizontal.— February  8th,  1891. 


d 
o 

1 

u 

O 
O 

1 

Point  and  Pressure. 
d. 

Point 

AND  Ring. 
e. 

Position. 

«1 

O  fc. 

o  ^ 

> 

li 

CO 

o 

+0.10* 

h 

O  U 

1 

3 

'S 
o 

1 

Center 

1 

1.51 

2.52 

"(b'.^V 

1.51 
1.78 
1.92 
2.03 
2.16 
2.24 
2.31 
(2.511 
12.51  ( 
2.47 
2.45 
2.31 
2.35 
2.14 
2.06 
1.87 

|-1.741 
-1.739 

0.88 

0.98 

2.04 

(oieo) 

1.30 
1.48 
1.58 
1.68 
1.79 
1.84 
1.85 
(1.99 
h.99 
1.87 
1.82 
1.68 
1.65 
1.55 
1.47 
1.30 

1 

17 

[•1.741 

16  E 

2 
3 
4 
5 
6 
7 
8 

9 

10 
11 
12 
13 
14 
15 
16 

0.54 

0.75 

0.865 

0.965 

1.10 

1.19 

1.263 

1.48 

1.445 

1.432 

1.26 

1.20 

1.088 

1.00 

0.83 

i.si 

1.78 
1.92 
2.03 
2.16 
2.24 
2.32 

2.50 

2.47 
2.46 
2.31 
2.25 
2.14 
2.06 
1.87 

0.30 

0.42 

0.486 

0.563 

0.65 

0.70 

0.743 

0.81 

0.73 

0.72 

0.57 

0.542 

0.471 

0.41 

0.30 

0.40 
0.52 

o.-'ise 

0.663 
0.750 
0.800 
0.843 

0.910 

0.830 

0.820 

0.67 

0.642 

0.571 

0.510 

0.400 

1.30 

1.48 
1.58 
1.68 
1.79 
1.84 
1.89 

1.96 

1.87 
1.86 
1.68 
1.65 
1.55 
1.47 
1.30 

15      

14      

13      

12      

11      

10      

C       

8      

'] 

7      

6      

1^1.739 

5      

1 

4       

3      

2      

1  W 

C       

17 
18 
19 
20 

1.492 
1.25 
1.415 
1.47 

2.51 
2.30 
2.44 

2.49 

1.736 

0.797 
0.686 
0.69 
0.76 

0.897 
0.786 
0.790 
0.860 

1.94 
1.82 
1.83 
1.90 

1.736 

10      

7      

C       

1.736 

i.rse 

Tube  D, 

Horizontal. — February 

14th, 

1901. 

d 
o 

Point  and  Pressure 

Point  and  Ring, 

i 

n  AND  I. 

/and  jr. 

? 

tr^ 

<D 

Position. 

o 
© 

Velocity 
used. 

U,  feet 

per 
second. 

•c   3.5 

ill 

Velocity 
used. 

17,  feet 

per 
second. 

iu<M  n 

^ 

a    s 

> 
1.125 

Oh        o 

> 

Center 

1 

0.305 

1.75 

0.86 

17  East,,.. 

"2 

"oiii" 

6!68' 

(0.30)     

0.68      

(O.io)    

0.29      

16 

0.02 

0.29 

15 

3 

0.15 

0.80 

0.80      

0.O5 

0.46 

0.46      

14 

4 

0.19 

0.90 

0.90      

0.07 

0.545 

0.545     

13 

5 

0.22 

0.96 

0.96       

(0.7288) 

0.08 

0.58 

0.58      

(0.7288) 

12 

6 

0.24 

1.005 

1.005     

0.092 

0.62 

0.62      

11 

7 

0.26 

1.05 

1.05      

0.11 

0.68 

0.68      

10 

8 

0.28 

1.095 

1.095     

0.13 

0.74 

0.74      

C 

9 

0.31 

1.145 

1.135    1.22 

0.145 

0.78 

0.78      0.817 

8 

10 

0.32 

1.16 

1.20 

0.14 

0.77 

0.775 

7 

11 

0.326 

1.17 

1.18 

0.13 

0.74 

0.755 

6 

12 

0.30 

1.125 

(1.16) 

0.12 

0.71 

(0.745) 

5 

13 

0.31 

1.145 

1.145 

0.13 

0.74 

0.74 

4 

14 

0.30 

1.12.T 

1.125 

0.12 

0.71 

0.71 

3 

15 

0.27 

1.07 

1.07 

0.105 

0.665 

0.665 

2 

16 

0.23 

0.98 

0.98 

0.07 

0.545 

0.545 

1  West, . . 

17 

o'M' 

i!22' 

(0.40) 

(0.25) 

C 

1 

0.15 

0.795 

1 

8 

18 

0.34 

1.20 

0.142 

0,775 

7 

19 

0.33 

1.18 

1-  0.7439 

o.ia5 

0.755 

i-  0.7439 

C 

20 

0.35 

1.22 

0.16 

0.82 

1 

10 

21 

0.32 

1.16 

J 

0.14 

0.77 

J 

c 

22 

0.35 

1.22 

0.17 

0.845 

*  Correction  for  initial  error  of  gauge,  with  no  flow. 
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TABLE  No.  2— {Concluded). 
Tube  E,  Horizontal.— February  15th,  1901. 


1 
s 
I 

o 
6 

Point  and  Ring. 
J- 

Point  and  Rmo, 
k. 

Position. 

t 

Sll 

£  s 
«-  o 

O  D 
> 

11 
> 

M  s 

18 
o 

■i. 

Si. 

Il 

1,  3 

> 

f.i 

Center 

1 

1 

4 
5 
6 

7 
8 

9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

0.25 

6!23 
0.28 
0.33 
0.40 
0.42 
0.46 
0.53 

0.62 

0.56 
0.51 
0.50 
0.47 
0.40 
0.37 
0.31 
0.27 
0.57 

1.03 

i)'.98 

1.09 

1.175 

1.30 

1.33 

1.40 

1.50 

1.62 

1.54 
1.47 
1.45 
1.41 
1.30 
1.25 
1.14 
1.07 
1.55 

(6:45) 

0.98 
1.09 
1.1T5 
1.30 
1.33 
1.40 
1.50 
H.59I 
(1.59) 
1.54 
1.47 
1.45 
1.41 
1.30 
1.25 
1.14 

1 

1.272 

J 

1 

1.272 





7.68 

sioi 

3.76 
4.58 
5.23 
5.76 
6.35 
6.)« 

7.63 

6.98 
6.46 
5.90 
5.41 
4.99 
4.34 
3.59 
3.20 
7.62 

5.70 

3!58 
3.98 
4.40 
4.70 
4.93 
5.18 
5.37 

5.68 

5.44 
5.23 
5.00 

4.78    1 

4.59 

4.29 

3.89 

3.67 

5.67 

(i'.ao) 

3.58 
3.98 
4.40 
4.70 
4.931 
5.18) 
5.37 
15.681 
i 5.68 1 
5.44 
5.23 
5.00 
4.78 
4.59 
4.291 
3.89  t" 

4  575 

17Kft«t 

16          

15          

14          

18          

12          

11           

4.579 

10          

c          

8          

7          

6          

5           

4          

3          

2          

4.578 

IJ  West 

C             

Tube  E,  Vertical.— March  8th,  1901. 


Position. 


Center. 

17  Top. 

16 

15 

14 

13 

12 

11 

10 

C 

8 
7 
6 
5 
4 
3 
2 

S'   :: 

12 
11 
10 
C 


i 

Point  and  Ring 

m. 

? 
h 

1 

?' 

4) -a 

1 

0 

d 

5  -c  a 

4)  c 

*-  o 

It 

«  3 

-k>  a 

c  o 

Z 

X      § 

> 

> 

ts" 

1 

4.69 

4.46 

) 

2 

0.205 

0.93 

0.98 

V3.615 

3 

1.896 

2.83 

2.83 

1 

4 

2.28 

3.105 

8.10 

5 

2.60 

3.31 

3.31 

6 

2.94 

3.515 

3.52 

7 

3.31 

3.74 

3.75 

8 

3.65 

3.92 

8.92 

9 

3.92 

4.06 

4.04 

10 

4.43 

4.33 

)  4.401 
14  391 

3.612 

11 

4.21 

4.22 

4.22 

12 

3.65 

3.92 

3.92 

13 

3.42 

3.79 

3.79 

3.598 

14 

3.10 

3.61 

3.61 

.....     1 

15 

2.71 

3.38 

8.38 

16 

2.30 

3.115 

3.12 

3.044 

17 

1.72 

2.69 

2.69 

3.608 

18 

1.444 

2.47 

19 

4.515 

4.375 

s.sei 

20 

3.35 

3.76 

21 

8.64 

3.91 

3.604 

22 

3.84 

4.02 

23 

4.52 

4.875 

8.6i7 

Point  and  Ring. 
I. 


1.32 
0.12 
0.64 
0.70 
0.85 
0.92 
1.00 
1.07 
1.15 

1.215 

1.16 

1.08 

1.004 

0.902 

0.804 

0.75 

0.56 

0.462 

1.275 


®"0 

«  s 


> 


2.36 

0.712 

1.645 

1.72 

1.895 

1.97 

2.05 

2.125 

2. 21 

2.27 

2.22 

2.14 

2.065 

1.96 

1.845 

1.78 

1.54 

1.40 

2.32 


11 

•S3 

> 


0.71 
1.65 
1.T2 
1.89 
1.97 
2.05' 
2.131 
2.21 
I  2.31  ( 
"I  2.31  (■ 
2.22 
2.14  ( 
2.06  »■ 
1.96 
1.84 
1.78 
1.&4I 
\ 


1.966 
i!986 
i!979 


1.986 


2.080 

1.918 
1.986 


1.977 
1.979 
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TABLE  No.  3. — Expeklments  •with  Pitot  Tdbes  on  Center  in  2-In. 

BKA.SS  Pipe. 

Tube  No.  3,  68.23  ft.   from  Inlet. 


Duration. 

Head  =  H^ 
Centimeters. 

Velocity,  Feet 
per  Second. 

«-i.b> 

s 

u 

M 

b 

Ratio 

a).c 

i 

Date,  etc. 

bib 
■3" 

I? 

i 

to 

1 

* 

11 

0) 

t7 

•5* 

s 

V 

pC 

o 

o 

t»." 

>^ 

<s> 

o 

o 

O 

O 

O 

« 

n 

H 

(1) 

(3) 

(3) 

(*) 

(5) 

(6) 

C) 

(8) 

(9) 

(10) 

(11) 

Dec  18, 1900. 
No  flow 

1 

15 
15 
15 
14 
15 
14 
15 
10 

15 

10 

8 

305 
300 
300 
300 
300 
300 
300 
300 
(140  1 
"^200f 
250 
200 

?! 

8 

4 

5 

« 

7 

8 

9 

10 
11 

No  flow 

12 

10 
17 

200 
300 

13 

No  flow 

j  No  flow,Dec. 
")     19th,  1900. 

t 

14 

f 
24 
16 

600 
600 

15 

No  flow 

Point  and  Pressure. 
0.000 
15.472 
9.028 
3.714 
4.648 
2.667 
4.002 
7.035 
0.950 


1.027 

1.400 
0.538 
0.000 
13.098 
11 .610 
0.000 

-  0.060 

0.780 
0.400 

-  0.040 


0.0 

0.000 
5.717 
4.367 
2.801 
3.134 
2.374 
2.908 
3.855 
1.416 

1.472 

1.720 
1.066 
0.000 
5.260 
4.952 
0.000 

0.000 

0.712 
0.958 
0.000 

+0.06 

+0.06 
+0.04 
-1-0.04 

0.000 

0.240 
0.440 
0.000 

0.000 
4.130 
3.151 
2.042 
2.280 
1.720 
2.128 
2.835 
1.025 
(1.084  1 
1l.090f 
1.273 
0.782 
0.000 
3.834 
3.555 
0.000 

0.000 

0.2307 
0.8107 
0.000 


0.722 
0.722 
0.729 
0.728 
0.725 
0.732 
0.735  S 
0.723  *-. 

0.738  ° 

0.740  g 
0.734  a 


0.729 
0.718 


0.324* 
0.846* 


36°-37'' 
36°-37'' 
36°-37'' 
36°-37'' 
36°-37'' 
36°-37° 
36°-37'' 
36°-37» 

36"'-37<' 

36"'-37'' 
36°-37'' 


36°-^l7» 
36"-37<» 


36''-.37<» 
36°-37'» 


1 

Dec.  18, 1900. 
No  flow 

It 

IF 

POINl 

AND  CiRC 

—  0.10 
12.924 

7.449 
3.222 
4.095 
2.204 
3.414 
6.062 
0.700 

0.840 

1.213 
0.340 

—  0.16 
11.074 

9.628 

—  0.15 

—  0.06 

0.127 
0.366 

—  0.04 

,UMFEK1 

-1-0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

0.10 

0.10 
0.15 
0.16 
0.16 
0.15 
0.15 

0.06 

0.06 
0.04 
0.04 

5NTIAL 

0.000 
13.024 
7.549 
3.322 
4.195 
2.304 
3.514 
6.162 
0.800 

0.940 

1.313 
0.490 
0.000 
11.234 
9.778 
0.000 

0.000 

0.187 
0.406 
0.000 

PlEZO 

0.000 
5.245 
3.993 
2.649 
2.977 
2.206 
2.725 
3.608 
1.300 

1.409 

1.665 
1.017 
0.000 
4.871 
4.545 
0.000 

0.000 

0.627 
0.928 
0.000 

METER. 
0.000 

4.130 
3.151 
2.042 
2.280 
1.720 
2.128 
2.835 
1.025 
J    1.084  1 
1    1.090  1" 
1.273 
0.782 
0.000 
3.8»4 
3.555 
0.000 

0.000 

0.2307 
0.8107 
0.000 

0.787 
0.789 
0.771 
0.766 
0.780 
0.781 
0.786  g 
0.788  s: 

0.771  ° 

0.764   g 
0.769  a 

oiref 

0.782 

0..368* 
0.874* 

36''-37<' 

9. 

36°-37<' 

3 

36''-37'' 

4 

m°-37° 

5 

36°-37'> 

6 

36°-37'' 

7 

36»-37'' 

8 

36°-37'' 

q 

36°-37» 

10 

36°-37'' 

11 

36°-37° 

12 

No  flow 

36°^7» 

13 

36°-37<' 

14 

No  flow 

( No  flow, Dec. 
1     19th,  1900. 

36°-37» 

15 

36<'-37<' 

No  flow 

*  Experiments  omitted  in  computing  arithmetic  means. 
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(1)         (3) 


TABLE   No.  3— (Continued). 
Tube  No.  6,  68.23  ft.  from  Inlet. 

(3)  (4)  (5)  (6)         (7)        (8)  (9) 


(10)         (11) 


Dec.  18,  1900. 
No  flow 

1 

20 
17 
li 
15 
10 
15 

279 
300 
200 
300 
300 
300 

?, 

8 

4 

5 

6 

No  flow 

7 

9 
11 
11 
10 
10 
10 
10 
13 

300 
240 
300 
300 
405 
300 
300 
300 

8 

9 

10 

11 

18 

13 

14 

No  flow 

Point  and  Pressure. 

O.OOO    I  0.000  ; 0.000  0.000 

20.678      6.609  4.592 

7.1M      8.890  2.674 

16.a56      5.878  4.052 

3.504      2.720  1.819 

12.710      5.182  3.575 

6.860      3.665  2.496 

0.000      0.000  0.000 

4.636      3.129  2.162 

2.692      2.385  1.616 

0.947      1.414  0.931 

1.080      1.510  1.001 

4.674      3.142  2.171 

3.724      j 2.805  1.905 

2.900      1 2.475  1.674 

0.287      1 0.778  0.490 

0.000      0.000  0.000 


0.695 
0.687 
0.689 
0.668 
0.690 


36''-37" 
36»-37» 
36»-3r 


0.681  g  36''-37<> 


0.691  =  .seo-s?" 

0.678  c  36''-37'' 

0.659  g  .36^-37» 

0.668  S  36°-37» 


[0.691 
0.679 
0.676 
0.630* 


36'-37<' 
36<'-37» 
36°-37'' 

I 


1 

No  flow 

Time,  duration  and  weights 
same    as   for   point    and 
pressure.                                   ^^ 

INT  AND 

ClRCUMFB 

—  0.020 
15.790 

5.280 
12.422 
2.474 
9.668 
4.792 

—  0.020 
3.690 
1.943 
0.657 
0.847 
3.554 
2.784 
2.188 
0.220 

—  0.008 

RENTIA 

+0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

+0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0.008 

+0.008 

L  PlEZOMETE 

O.OOOi  O.OOOi 
15.8101  5.7791 
5.300    3.»16 

R. 

0.000 
4.592 
2.674 
4.052 
1.819 
3.575 
2.496 
0.000 
2.162 
1.616 
0.931 
1.001 
2.171 
1.905 
1.674 
0.490 
0.000 

0.794       36'>-37° 

2 

0.799       36'=-37' 

3 

12.442 
2.494 
9.688 
4.812 
0.000 
3.710 
1.963 
0.677 
0.867 

5.127 
2.295 
4.524 
3.188 
0.000 
2.799 
2.037 
1.195 
1.35a 

0.790       36°-37 

4 

0.792       36°-37'' 

5 

0.790  -  360-37° 
0.783  g  36<'-37'' 

« 

*7 

No  flow 

6!772'°  36»^7» 

8 

0.793  §  36''-37'» 

9 

0.779  «  dR'Sn" 
0.746  *]36''-87» 

10 

11 

3.564 

2.744 

0.791     iseo-s?" 

12 

2.7941  2.439 
2.198    2.155 

0.784       36''-37'' 

13 

0.777       36'>-37» 

14 

0.228 
0.000 

0.691 

0.706*     m'-^" 

No  flow 

Tube  C,  68.23  ft.  from  Inlet. 


Dec.  15, 1900. 
INo  flow , 


No  flow . 


No  flow . 


300 
300 
300 
300 
300 


300 
300 
300 
300 
300 
280 
200 
200 
300 
300 


Point  and  Pressure. 

0.000         0.000 ■  0.000 

22.842  I I  6.946 

20.194  1 1 1  6.531 


12.. 356 
3.756 
1.018 
0.000 
0.345 
2.702 
7.384 

16.562 
1.174 

22.284 

12.384 
2.360 
0.347 
0.773 
0.000 


5.109 
2.817 
1.466 
0.000 
0.854 
2.389 
3.949 
5.915 
1.575 
6.862 
5.115 
2.233 
0.866 
1.278 
0.000 


0.000 
4.867 


3.549 
1.992 
1.005 
0.000 
0.528 
1.667 
2.7.50 
4.119 
1.065 
4.8(B 
3.554 
1.544 
0.589 
0.869 
0.000 


b'.m 

36°^ 

6;694' 

36»^» 

0.707 

36°-37» 

0.685 

6!6i9*-. 

36°-37<' 

36°-S7» 

0.698  = 

36°-87» 

0.696  n 

36'>-37'' 

0.696  § 

36°-37» 

0.676  S 

36°-87» 

0.700 

36°-37» 

0.695 

seo-*?- 

0.692 

se"-^' 

0.680* 

S6»-87» 

0.681 

Se'-ST* 

•  Experiments  omitted  in  computing  arithmetic  means. 
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TABLE  No.  3— {Continued). 


(1)         (2) 


(3) 


(4) 


(5) 


(6)        (7)        (8) 


(9)  (10)        (11) 


'i 

No  flow 4j 

S 

FOINl 

( 

'   AND  ClR< 

—  0.020 
16.744 
14.641 

8.938 
2.514 
0.589 

—  0.100 
0.000 
0.165 
1.984 
5.446 

12.312 
0.762 

16.710 
9.044 
1.635 
0.110 
0.418 

—  0.080 

3UMFER 

+0.02 
0.03 
0.04 
0.05 
0.06 
0.08 

0.10 

0.00 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.08 
0.08 

ENTIAL 

0.000 

16.774 

14.681 

8.978 

2.574 

0.669 

0.000 

0.000 

0.165 

1.994 

5.466 

12.342 

0.802 

16.760 

9.104 

1.705 

0.190 

0.498 

PlEZO 

0.000 
5.953 
5.569 
4.355 
2.332 
1.189 

0.000 

0.590 
2.053 
3.398 
5.106 
1.302 
5.950 
4.385 
1.898 
0.633 
1.025 

METER. 
0.000 
4.867 

Oisis' 

86°-37° 

9 

§    . 

36°-37'> 

3 

"£ 

3.549 
1.992 
1.005 

0.000 

0.528 
1.667 
2.750 
4.119 
1.065 
4.805 
3.554 
1.544 
0.539 
0.869 
0.000 

0.815 
0.854 
0.845 

5 

0.895*0 
0.812   „ 
0.8C9   § 
0.807  ^ 
0.818  * 
0.807 
0.810 
0.814 
0.851* 
0.848 

36°-37o 

4 

II 

36°-57o 

5 

::.::..::..::::  ■&« 

36°-37'> 

6 

7 

No  flow ^  p, 

S  a 

36°-37° 
36°-37'=> 

8 

CiJ 

36°-37° 

9 

1       O  fl 

36°-37o 

10 

:::::::::::::::  -sa 

36°-37'> 

11 

:     £  >* 

36°-37» 

12 

:::::::::::::::  ■§! 

36°-37o 

13 

36='-37» 

14 

E* 

36°-37<» 

15 

36°-37<> 

No  flow 

Tube  No.  5,  68.23  ft.  from  Inlet. 


1 

tfar.  17,  1900. 

Point  an 
0.000 
2.40 

17.40 

15.90 

23.48 

21.74 

21.42 

20.12 

19.10 

0.000 

19.00 

8.20 

8.70 
10.50 
11.56 

0.000 

0.80 
5.84 
5.44 
2.60 
3.16 
5.80 
4.34 
3.28 
4.86 
0.53 

0.000 

17.30 

1.20 

1.96 
16.50 

5.48 
13.20 

0.000 

D  PrES 

SURE. 

0.000 
2.251 
6.063 
5.795 
7.059 
6.777 
6  727 
6.520 
6.352 

0.000 

6.335 
4.162 
4.287 
4.710 
4.942 

0.000 

1..300 
3.512 
3.389 
2.344 
2.584 
3.500 
3.028 
2.632 
3.204 
1.058 

0.000 

6.045 
1.592 
2.035 
5.904 
3.402 
5.280 
0.000 

0.000 
1.458 
4.165 
3.971 
4.941 
4.741 
4.714 
4.580 
4.486 

0.000 

4.413 
2.878 
2.975 
3.250 
3.590 

0.000 

0.938 
2.420 
2.299 
1.602 

i.rre 

2.413 
1.978 
1.797 
2.219 
0.690 

0.000 

4.357 
1.153 
1.455 
4.270 
2.366 
3.673 
0.000 

0.647 
0.687 
0.685 
0.700 
0.699 
0.701 
0.703 
0.7C6 

0.697 
0.092  S 
0.694  ^ 
0.690  = 
0.727  c 

03 
« 

s 

0.722 
0.689 
0.678 
0.684 
0.688 
0.682 
0.653 
0.683 
0.692 
0.653 

0.721 
0.734 
0.715 
0.723 
0.695 
0.696 

1 

65 
6 
5 

7 
7 
7 
7 
7 

510 
300 
300 
300 
300 
300 
300 
300 

36°-38° 

9, 

36°-38'> 

3 

36°-38'> 

4 

Mar.  23d,  1900. 

36°-38° 

5 

36°-^° 

6 

36°-38° 

7 

36°-38» 

8 

36°-38° 

No  flow.  Mar. 
24th,  1900.... 

9 

( 

9 

8 
8 
8 
8 
1 

300 
420 
420 
360 
360 

36°-38'> 

10 

36°-38'> 

11 

36°-38» 

1« 

36°-38"* 

13 

36°-38'> 

No  flow,  Aug. 
8th,  1900.... 

14 

» 

22 

10 

17 
.    18 

13 
8 

14 
9 

13 

13 

[ 

.300 
300 
300 
310 
300 
300 
300 
300 
360 
460 

75°-76'> 

15 

75°-76° 

16 

75°-76'> 

17 

75°-76"> 

18 

75°-76=> 

19 

75°-76o 

«0 

75°-76'> 

81 

75°-76'» 

99. 

75°-76o 

23 

75°-76o 

No  flow,  Aug. 
9th,  1900.... 

94 

'l3 
16 
13 

7 
23 

7 

300 
300 
300 
300 
300 
300 

75''-76=> 

?,5 

75°.76'> 

«6 

75°-76o 

87 

75°-76° 

88 

75°-76'> 

89 

75°-76o 

No  flow 

*  Experiments  omitted  in  computing  arithmetic  means. 
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TABLE  No.  S— {Continued). 
Tube  D,  68.30  ft.  from  Inlet. 


(1)      (a) 


(3) 


(*) 


(5) 


(6)         (7)        (8) 


(9) 


(10)         (11) 


Feb.  8.  1901. 
No  flow 

P 

DINT  AND 

1 

15 
15 

I 

720 
600 

« 

No  flow,  Feb. 
13th,  1901... 

3 

( 

14 
13 
15 
23 
22 
17 
14 
13 
14 
23 
20 

I 

300 
300 
230 
300 
420 
300 
300 
300 
450 
625 
590 

4 

5 

6 
7 

Feb!  I4tii,'i96i 

8 

9 

10 

11 

^?. 

13 

No  flow,  Feb. 
14th,  1901... 

14 

^1 
16 

i 

1780 
810 

15 

No  flow.  Mar. 
19th,  1901... 

16 

t 

4 

8 

5 

6 

5 

5 

5 
10 

5 

5 
10 
10 

9 
10 

9 
11 

50 
60 
133 
96 

■■■ii2" 

77 
100 
200 

40 
200 
200 
100 
230 
200 
200 

17 

18 

19 

W 

?A 

9,9; 

«3 

94 

35 

flfi 

27 

28 

W 

30 

31 

No  flow 

Feb.  8, 1901. 


Pressure.— Double  Centimeters. 
0.000 
1.510 
1.492 

0.000 

11.16 
6.59 
6.12 
3.77 
2.07 
1.12 
0.63 
0.75 
0.38 
0.19 
0.15 

0.000 

0.31 
0.35 

0.000 

11.28 
9.79 
6.64 
4.45 
3.40 
2.89 
1.56 
0.37 
0.07 
0.02 
0.44 
1.38 
1.13 
0.325 
0.15 
8.07 
0.01 
Point  and  CiRCUMFERENriAL  Piezometer. 


0.00 



. 

0.00 

1 

0.000 

0.000 

2.58 

1.741 

0.691 

3.51 

1.736 

0.692 

0.000 

0.000 

6.87 

4.803 

0.699 

5.28 

3.725 

0.706 

5.09 

3.617 

0.711 

3.i)8 

2.802 

0.704 

2.96 

2.048 

0.691 

2.18 

1.502 

0.689 

1.68 

1.070 

0.656 

1.78 

1.239 

0.696 

1.866 

0.764 

0.603 

0.895 

0.492 

0.549* 

0.795 

0.332 

0.418*J 

0.000 

0.000 

1.145 

0.736 

0.648 

1.22 

0.744 

0.610 

0.000 

0.000 

' 

6.90 

4.863 

0.705 

6,48 

4.458 

0.695 

5.30 

3.663 

0.091 

4,34 

3.005 

0.692 

3.78 

3.49 

3.888 

0.684 

2,565 

1.760 

0.686 

1,255 

0.849 

0.677 

0,,'>42 

0.310 

0.573* 

0,292 

0.184 

0.630* 

1,36 

0.983 

0.723 

2  41 

1.692 

0.702 

2  19 

1.518 

3.693 

1   170 

0.786 

X672 

0  795 

0.388 

3.488* 

5.84 

4.083 

0.699 

0.000 

0.000     1 

860-38' 
86<'-a8° 


86°-38"> 
86°-38" 
86°-38o 
86° -88° 
86°-38° 
36°-38° 

86— 88» 


6°-S8° 
6°-38° 


36°-S8» 


860-38° 
86°-38° 


36°-38° 

.0-38° 

0-38° 

°-38° 

36°-38° 

36°-38o 

360-380 

0-38° 

36o-38° 

86o-38° 

86°-38° 


'i 

No  flow 

0) 

3 

p. 
-a 
a 
<a 
■1^ 
a 
o 
a. 

O 

"5 
« 

s 

! 
s 

'S 

13 

a 

c3 

a 
o 

I 

3 
1 

Y 

c 

( 

—  0.10 
0.88 
0.797 
0.10 

0.000 

7.17 
4.39 
4.01 
2.52 
1.37 
0.69 
0.36 
0.48 
0.19 
0.07 
0.05 

0.000 

0.145 
0.155 

0.000 

7.23 
6.23 
4.22 
2.85 
2.16 
1.84 
1.00 
0.19 
0.01 
_  0.03 
0.30 
0.89 
0.70 
0.15 
0.05 
5.12 

—  0.04 

-1-0.10 
0.10 
0.10 
0.10 

0.00 

0.000   0.000 
0.98  ,  2.M 
0.897    1.94 

0.000 
1.741 
1.736 
0.000 

0.000 

4.803 
3.725 
3.617 

2.802 
2.046 
1.502 
1.070 
1.239 
0.764 
0.492 
0.332 

0.000 

0.736 
0.744 

oo  •      ooooooooooo-     •    oo- 
[ean  0.874 

360-38° 

9, 

36o-38° 

3 

No  flow 

No  flow,  Feb. 
13th,  1901 . . . 

0.000 

0.000 

0.000 

5.51 

4.31 

4.11 

3  26 

2.41 

1.705 

1.232 

1.425 

0.895 

0.543 

0.46 

0.000 

0.78 
0.81 

0.000 

5.535 

5.13 

4.22 

3.46 

3.02 

2.79 

2.05 

0.975 

0.460 

0.205 

1.125 

1.940 

1.720 

0.895 

0.615 

4.65 

0.000 

36°-38° 

4 

36°-88° 

5 

36'-88° 

6 

36o-38° 

7 



36°  38° 

8 

36o-58° 

9 

360-38° 

10 

860-380 

11 

86o-38° 

12 

86°-38° 

13 

36° -38° 

14 

No  flow,  Feb. 
14th,  1901 . . . 

0.00 



36°-38° 

15 

36°-38° 

No  flow.  Mar. 
19th,  1901... 

IB 

4.868 
4.458 
3.668 
8.005 

0.880 
0.869 
0.868 
0.868 


360-38° 

17 

360-380 

18 

860-380 

19 

86o-38° 

90 

911 

2.388 
1.760 
0.849 
0.310 
0.184 
0.983 
1.692 
1  518 
0.786 
0.888 
4.083 
0.000 

0.8i56 

0.859 

0.871 

0.675* 

0.898* 

0.874 

0.872 

0.883 

0.878 

O.t)30* 

0.878 

360-38° 

22 

36o-4«o 

23 

-1-0.04 
0.04 
0.04 

0.23 
0.05 
0.01 

360-38° 

24 

360-88° 

25 

36°-88° 

26 

36o-38° 

27 



36° -38° 

28 

0.04 

'6!i9' 

0.09 

36°-38° 

2i) 

3()0-88° 

30 

36°-38° 

31 

36°-38° 

No  flow 

* 

Exoerir 

aents  on 

aitted  in  c 

omputi 

Qg  ari 

thmeti 

c  moans. 
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EXPERIMENTS   ON   PLOW   OF   WATER   IN    PIPES. 


(1)        (3) 


(3) 


TABLE  No.  S—{C(meluded). 
Tube  E,  68.30  ft.  from  Inlet. 

(4)  (5)  (6)         (7)        (8) 


(9)  (10)         (11) 


Feb.  15,  1901. 
No  flow. . . . 

Point  i 

LND  CiRCU 

0.000 

0.62 

0.57 

7.68 

7.63 

7.62 

0.000 

4.69 

4.43 

4.515 

4.52 

1.32 

1.215 

1.275 

MPERENTIAL   PlEZOM 
0  00    I                    n  INYI 

ETER. 

0.000 

1.272 
1.272 
4.575 
4.578 
4.578 

0.000 

3.615 
3.612 

1 

1 

730 -[ 

300 
330 
320 

1.62 
1.55 
5.70 
5.68 
5.67 

0.000 

4.46 

4.33 

4.375 

4.375 

2.36 

2.27 

2.32 

0.785 
0.821 
0.803 
0.806 
0.807  ^ 

d 

0.811  a 
0.835  g 

s 

36°-^^ 

9, 



36°-38° 

H 



36°-38'> 

4 



36°-38° 

5 

36°-38° 

No  flow,  Mar. 
8th,  1901.... 

0.00 

6 

S-  80 
J- 

r 

i 
I 

] 

360 

500 

"■566" 
300 
600 
300 

36° -38'* 

7 

36°-38° 

8 
9 

3.617 
1.986 
1.986 
1.979 

0.827 
0.841 
0.875 
0.853 

36° -38° 

10 

36° -38° 

11 

36°-38° 

12 

36°-38° 

■■ 

No  flow 

Tube  E,  3.05  ft.  from  Inlet. 


16 

Mar.  19, 1901. 
No  flow 

Time,  duration  and  weights  same 
as  for  similar  numbers  of  Tube 
D,    observations   being   simul- 
taneous. 

^OINT   A> 


D   ClKCUM 

0.000 

7.82 

6.76 

4.63 

3.11 

2.32 

2.02 

1.04 

0.26 

0.032 

0.018 

0.31 

0.95 

0.75 

0.22 

0.085 

5.665 

0.000 

FERENT 
0.00 

[AL  Pi 

EZOME1 
0.000 

5.75 

5.35 

4.43 

3.62 

3.13 

2.92 

2.09 

1.045 

0.367 

0.278 

1.140 

2.005 

1.780 

0.955 

0.595 

4.885 

0.000 

PER. 

0.000 
4.863 
4.458 
3.663 
3.005 

0.846 
0.833 
0.827 
0.830 

36°-38= 

17 

36°-38' 

18 

36°-38= 

19 

36°-38= 

20 



'?1 

2.3H8 
1.760 
0.849 
0.310 
0.184 
0.983 
1.692 
1.518 
0.786 
0.:«8 
4.083 
0.000 

6.8i8  3 

0.842  « 

0.813  = 

0.846   a 

0.662*  g 

0.g62*g 

0.844 

0.853 

0.823 

0.662* 

0.836 

36°-38= 

m 

36°-38'= 

S3 

36°-38' 

24 

36°-38= 

25 

36°-38<^ 

96 

36°-38= 

27 

36°-38= 

28 



36°-38'= 

29 

36°-38= 

.SO 

36°-38= 

.SI 

36°-38° 

No  flow 

*  Experiments  omitted  in  computing  arithmetic  means. 
Co-ordinates  of  Points  B,  C  and  A. 


Tube  condition. 


No.  3, 

No.  6, 

C, 

No.  5, 
D, 

at 


point  and  pressure 

ring 

"        pressure 

"         ring 

"        pressure 

ring 

"        pressure 

ring 

point  3.05  ft.  from  iijet ( 


2.1105 
1.9935 
2.2621 
1.9679 
1.6835 
1.3778 
2.67(3 
1.6750 
1.2860 

1.1390 


1.5422 
1.5422 
1.5300 
1.5300 
1.1525 
1.1525 
1.8466 
1.1119 
1.1119 

0.9470 


3.1565 
2.9392 
3  2559 
2.8339 
3.3832 
2.8692 
4.2336 
2.9870 
2.3610 

2.4810 


2.2956 
2.2956 
2.2256 
2.2256 
2.3474 
2.3474 
2.9371 
2.0560 
2.0560 

2.0620 


A. 


V. 


4.8302 
4.4524 
5.0448 
4.3928 
5.6494 
4.8578 
5.9272 
5.3610 
4.2810 

4.4930 


3.501 

3.501 

3.4778 

3.4778 

3.9407 

3.9407 

4.1183 

3.7410 

3.7410 

3.7430 
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Equations  of  Eating  Lines  B,  C,  A. 

Tube  No.  3,  point  and  pressure IJ  =  0.720  V^  -j-  0.022» 

ring C7=  0.797  V;.  —  0.0489 

Tube  No.  6,  "        pressure {7=0.700  F^ —0.0685 

ring t/=  0.803  F^  —  0.0500 

Tube  C,  "         pressure £7=0.708  F^— 0.0810 

ring f/- 0.801  K^  -|- 0.04t>2 

Tube  No.  5,  "        pressure 0'  =  0.6975  V^  —  0.0158 

Tube  I>,  "        pressure tr=  0.713  F^— 0.0737 

"     •    ring t7=  0.878  F^  —  0.0170 

Tube  £,  "         ring C7  =  0.834  F^  —  0.0071 

TABLE  No.  4. 


9 
t 

Date. 

4J 

i 
1 

Conditions. 

Vexocity,  in  Feet  per 
Second. 

Ratio: 

V 

c 

Mean, 
by 

weight. 
U. 

Mean, 

by 

tube. 

Center, 

by 

tube. 

V 

c. 

used  in 
computa- 
tions. 

i. 

Feb. 
Mar. 

Feb. 
Feb. 

Feb. 
Feb. 

Feb. 
Dec. 

Dec. 

15, 1901. 

8,    '^; 

15,     " 
14,     •' 

8,    " 
14,     " 

8,     " 
18,  1899. 

30,    " 

D 

No.  3 

No.  5 

Hor. 
Vert. 

Hor. 

pt.  and  ring. 

"       pres. 

ring. 
"       pres. 

1.272 
1.980 
3.610 
4.577 
0.729 
0.744 
1.738 
0.729 
0.744 
1.788 
2.007 
2.007 
3.569 

1.392 
1.912 
3.465 
4.584 
0.544 
0.684 
1.614 
0.892 
1.084 
2.  WO 
2.046 
2.281 
3.798 

1.590 
2.817 
4.390 
5.680 
0.780 
0.817 
1.990 
1.135 
1 .220 
2.510 
2.510 
2.740 
5.281 

0.812 
0.826 
0.7S9 
0.807 
0.698 
0.837 
0.811 
0.785 
0.889 
0.S25 
0.815 
0.832 
0.729 

0  812 

1 

0.826 

m 

k 

0.789 
0.807 

/ 

9 

e 

0.837 
0.811 

;i 

i 

0.785 

d 

6 

a 

c 

0.825 
0.815 
0.832 

Mean  ratio:  0.8130 


U 


Considering  now  the  values  of  the  ratios  -p-,  as  shown  in  Table  No. 

c 

3,  and  the  plottings  of  the  observations  on  the  lower  diagram  on 
Plate  III,  it  appears  that  there  is  some  variation  of  this  ratio  with  the 
velocity.  This,  however,  is  small;  the  observations  falhng  approxi- 
mately in  straight  lines  which  pass  very  nearly  through  the  origin. 
It  has  been  considered  that  such  variations  as  appear  are  due  rather 
to  the  shifting  of  the  point  of  maximum  velocity  back  and  forth  past 
the  center,  a  condition  which  may  or  may  not  be  common  to  all  pipes, 
than  to  an  actual  variation  of  the  ratio.  Whether  or  not  this  assump- 
tion be  correct,  the  traverses  prove  that  in  this  pipe  such  a  shifting 
exists.  The  conclusion  has  therefore  been  arrived  at,  that  for  prac- 
tical purposes,  within  a  range  of  velocity  from  0.75  ft.  to  6  ft.,  the 
foregoing  ratio  may  be  taken  as  a  constant  for  each  particular  tube. 
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In  determining  the  value  of  this  ratio,  the  simplest  process  is  to 
take  the  arithmetic  means,  and,  restricting  the  computation  to  ratios 
where  the  true  mean  velocity -was  greater  than  0.6  ft.,  the  following 
values  of  such  means  are  obtained  for  the  several  tubes: 


TABLE  No.  5. 


Tubes. 

Values  of  Mean  Velocity,  by  Weight. 

Velocity  at 

Center, 

BY  Tote. 

Point  and  pressure. 

Point  and  ring. 

Tube  No.  3 

0.729 
0.683 
0.693 
0.694 
0.6&J 
At  68.30  ft.  from  inlet. 
'•     3.05  ft.     " 

0.779 

"       "    6 

0.784 

"           C 

0.821 

"      No  5 

"           D 

0.874 

E 

0.834 

"           E 

0.834 

If  the  value  for  the  ratio  ^  =  0.81  be  now  applied  to  Tubes  Nos. 

"^  0  729 

3  and  6  the  coefficients  so  obtained  are:   Tube  No.  3,  ^"   ^„  =  0.900; 

and  Tube  No.  6,  ^4tr  =  0-844. 

In  order  to  study  the  results  of  the  ratings  more  closely,  the  equa- 
tions of  the  straight  lines  fitting  the  plotted  experiments  have  been 
computed  by  the  method*  of  successive  centers  of  gravity  C,  B  and  A 
and  the  jDoints  C,  B  and  A  located  on  the  lower  diagram  on  Plate  III, 
although  the  lines  have  not  been  drawn.  The  co-ordinates  of  C,  B, 
and  A,  and  the  equations  of  the  lines  are  given  at  the  end  of  Table  No. 
3.  Considering  only  the  equations  of  point  and  pressure  ratings  oi 
Tubes  Nos.  3  and  6,  for  the  present,  which  are: 

r  =  0.720  F,  +  0.0229  for  Tube  No.  3,  and 

C'=  0.700  F,  —  0.0535  for  Tube  No.  6, 

it  appears  that  the  coefficient  in  the  former  is  less,  and  in  the  latter 

greater,  than  the  arithmetic  mean.     Bearing  in  mind  that  the  variation 

of  the   point    of  maximum    velocity   from   the   center   of    the   pipe, 

increases  the  ratio  -pr  and  the  coefficient  of  V,,  in  the  equation,  and  that 

the  traverses  on  the  upper  diagrams  of  Plate  III  show  that  a  slight 

variation  exists,  it  has  been  concluded  that  the  arithmetic  mean,  which 

*As  described  in  Transactions,  Am.  Soc.  C.  E.,  Vol.  xliv.,  p.  74,  and  in  Journal 
Association  of  Engineering  Societies,  Vol.  xxvi  No.  3,  March,  1901. 
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is  the  ratio  of  the  co-ordinates  of  the  point  C,  being  greater  than  the 
tangent  of  the  inclination  of  the  mean  line,  indicates  that  the  velocity 
was  eccentric  at  the  lower  velocities,  and,  therefore,  that  the  ratio  of 
the  co-ordinates  of  the  point  A  would  be  a  more  con-ect  value  for  the 

ratio  ^.     This  gives  0.725.     Similarly,  examining  the  locus  of  Tube 

No.  6,  it  appears  that  the  ratio  of  the  co-ordinates  of  B  represents  the 
condition  of  maximum  velocity   in   the   center,  and    this   gives   for 

U  V 

-=:- the  value  0.677.     Applying  to  these  values  the  ratio -rr^  =0.81, 

'  C  '  r 

as  already  deduced,  the  coefficients  for  the  tubes  become  0.896  for  Tube 
No.  3,  and  0.836  for  Tube  No.  6.  The  presence  of  the  large  con- 
stant in  the  equation  of  Tube  No.  6,  together  with  the  fact  that  the 
experiments  at  low  velocities  have  been  generally  less  satisfactory  than 
those  at  the  higher  ones  lead  the  writers  to  view  the  coefficient  obtained 
for  Tube  No.  6  as  approximate  only,  and  to  depend  for  its  rating  on 
comiJarisons  with  Tube  No.  3  made  during  the  field  work.  The  co- 
efficient of  Tube  No.  3  is  more  satisfactory,  the  constant  in  the  equa- 
tion being  only  half  as  great,  and  the  derivation  being  from  the 
observations  at  the  higher  velocities,  where  the  traverses  show  the 
velocity  curve  to  be  more  normal.  The  results  with  Tube  No.  5  and 
Tube  C,  however,  showed,  that  the  coefficients  obtained  for  them  in 
this  pipe  were  too  high,  the  former  by  more  than  Vd%,  and  the  latter 
by  more  than  &%;  so  that  the  conclusion  was  drawn  that  the  coefficients 
of  the  other  tubes  were  also  probably  high,  somewhat  in  proportion  to 
the  areas  at  the  pressure  openings.  The  area  of  Tube  No.  3  is 
about  -20%  of  that  of  Tube  No.  5  and  about  21%  of  that  of  Tube  C. 
Estimating  the  efl"ect  to  be  proportional  to  the  area,  this  would  indicate 
that  the  foregoing  coefficient  of  Tube  No.  3  might  be  from  1.2  to  2.6°o 
too  high.  The  writers  consider  these  deductions  to  be  based  upon  data 
too  indefinite  for  rigid  ai^plication,  but  still,  as  warranting  a  reduction 
of  the  coefficient  of  Tube  No.  3,  and  the  value  0 .  89  has  been  selected  as 
being  probably  as  near  the  correct  one  as  the  information  will  furnish. 
In  Closed  Pipes,  with  Running  Water  :  Compm'isons  with  Field  Duta. — 
During  the  experiments  on  the  30-in.  line  made  in  1899,  Tube  No.  6 
was  ordinarily  read  on  the  center  at  the  gate-well  at  Hastings  Street 
and  Alexandrine  Avenue,  and  a  resistance  gauge  was  read  continuously 
during  all  those  experiments,  on  the  section  known  as  the  Brady 
tangent.      From  these  observations,  several  hundred  in  number,  the 


34 


EXPERIMENTS   ON"   FLOW    OF   WATER   IN    PIPES. 


ratio  between  Hj  for  the  tangent  and  i?„^,  or  V^  at  the  above  location 

was  established  as      ^  =  ^„  Tube  No.  6  at  Hastings.      Then 

Tube  No.  3  was  substituted  for  Tube  No.  6,  and  a  series  of  observa- 
tions made,  whence  the  ratios  between  their  coefficients  were 
determined.     Table  No.  6  gives  the  comparison  for  these  experiments. 

TABLE  No.  6. — Tubes  Nos.  3  and  6  on  Center  in  30-Inch  Pipe. 


Number  of 
observa- 
tions. 

Tube  No.  6  by  Brady  Tan. 

Tube  No.  3  Observed. 

No. 

Head. 

Velocity. 

Head 
observed. 

Head 
corrected. 

Velocity. 

1.... 
2.... 
3,... 
4.... 
5.... 

18 
42 
24 

24 
18 

1.144 
1.118 
1.633 
1.575 
1.666 

2.478 
2.4.52 
2.963 
2.912 
2.993  reject. 

1.028 
1.002 
1.516 
1.458 
1.455 

1.013 
0.987 
1.501 
1.443 
1.440 

2.334 
2.304 
2.842 
2.786 
2.784  reject. 

Katio 


Mean,  rejecting  (5)  = 
V  by    T.    No.    6 


2.701 


2.5665. 


V  by    T.   No.    3 
Coefficient  of  Tube  No.  3  =0.89 


=  1. 052,  whence  Coefficient  of  Tube  No.  6  = 


=  0.846,  which  value  coincides  closely 


1.052 
with  the  arithmetic  mean  0.844,  and  has  been  adopted. 

Having  established  the  coefficient  of  Tube  No.  3,  those  of  Tubes  Nos. 
4  and  5  are  also  obtained  from  comparisons  of  simultaneous  observa- 
tions with  these  tubes  and  Tube  No.  3  made  during  the  field  work. 

These  comparisons  are  presented  in  Table  No.  7,  and  include:  First, 
a  comparison  on  the  30-in.  line  between  Tube  No.  3  at  Hastings  Street 
with  Tube  No.  4  at  Leland  Street,  both  being  on  center;  second,  com- 
parisons between  Tube  No.  3  and  Tube  No.  5  on  the  30-in.  line  at 
Superior  and  Hastings  Streets,  and  on  the  16-iQ.  line,  two  series  at  Mili- 
tary andCampbell  Avenues  on  center;  and  third,  a  comparison  between 
Tubes  Nos.  4  and  5  on  the  30-in.  line  at  Leland  and  Hastings  Streets, 

on  center. 

Rejecting  from  these  comparisons  those  at  low  velocities,  as  indi- 
cated in  the  table,  the  ratios  between  the  observed  heads  H^  are  found 
from  arithmetic  means  as  follows: 

g^^^;^^^"-f  =  0.941 ;  f "-^^^^^-^--5  =  1.40,  L37  and  L38;  and 
if,  Tube  No.  4  H„  Tube  No.  3 


H^  Tube  No.  5 
^.,  Tube  No.  4 


=  1.34. 
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TABLE  No.  7. — Cosiparison  of  Tubes  in  Pipe  Experiments  in  1898. 


TxJBE  No.  3,  Gauge  No.  8,  at  Hastings.  Tube  No.  4,  Gauge  No,  9,  at  Leland. 


30-in 

pipe. 

Number  in 
Table  No.  22. 

Mean  reading. 
H, 

Mean  reading. 

^v  by  T.  No.  8. 
H^.  by  T.  No.  4. 

113      

0.451 
0.392 
0.378 
0.407 
0.386 
0.510 
0.531 
0.543 
0.750 
0.703 
1.029 
1.307 
1.468 
1.545 
1.600 
1.902 
2.296 
2.301 
2.380 
2.440 
2.545 
2.830 
3.144 
4.401 
3.961 
3.029 
2.832 
2.588 
2.669 
2.204 
2.147 
1.752 
1.582 
1.620 
1.525 
1.278 
1.296 
0.982 
1.030 
0.654 
0.a46 
0.379 
0.325 
0.189 

0.4h7 
0.517 
0.485 
0.467 
0.479 
0.570 
0.568 
0.58H 
0.817 
0.771 
1.093 
1.691 
1.764 
1.840 
1.825 
2.164 
2.287 
2.306 
2.4.32 
2.464 
2.550 
2.864 
.3.216 
4.480 
4.0.39 
3.155 
2.9.32 
2.762 
2.777 
2.20:j 
2.248 
1.8.52 
1.695 
1.688 
1.648 
1.450 
1..391 
1.056 
1.080 
0.705 
0.420 
0.500 
0.372 
0.281 

0.92 

114  

0.758 

115 

0.779 

116 

0.873 

117 

0.806 

118  

0.847 

119  

0.935 

120  

0.«31 

121  

0.918 

122 

0.912 

123  

0.941 

124 

0.773 

125  

0.8321 

0.840 

0.871 

0.890 

1.004 

0.998 

0.978 

0.990 

0.99a.. 

126 

127  

128 

133 

134  

135              

136 

138 

0.9883 

0.978o' 

141 

0.982  „- 

142 

0.981  1 
0.961® 

143  

0.965^ 

0.937 

0.962 

1.000 

0.954 

0.946 

0.9:33 

0.960 

0.919J 

i 

145 

147 

149 

151 

152 

153 

0.881 

0.932 

155 

0.930 

0.9.54 

157 

11.928 

159 

0.824 
0.758 

160 

0.874 

161 

0.675 

Tube  No.  3,  Gauge  No.  9,  at  Military 
and  Army. 


Tube  No.  5,  Gauge  No.  5,  at  Campbell  and 
Porter. 


16- in 

pipe. 

Number  m 
Table  No.  31. 

Mean  reading. 
Hi: 

Mean  reading. 

Hv  by  T.  No.  5. 
H^,  by  T.  No.  3. 

26 

0.073 
0.189 
0.541 
0.845 
1.372 
1.935 
2.566 
3.171 
3.706 
3.722 
5.507 
2.460 
1.344 
0.673 
8.727 
10.356 
11. .327 
11.030 
7.7:35 
3.9.33 

0.082 
0.211 
0.8:36 
1.145 
1.863 
2.623 
3.556 
4.500 
o.OJH 
5.1:35 
7.8(X) 
3.420 
1.822 
0.870 
12.:308 
14.383 
15.678 
15.691 
10.663 
5.2:36 

1.125 

27. 

1.116 

28 

l..>15 

29 

1.3551 

30 

1.358| 

31 

1.3561 

82 

1.385' 

33 

1.419 

34 

l.:358^ 

35 

1.379«. 

36 

1.416- 

87 

I.H'.IO  ' 

38 

1.:}5»K^ 

89 

1.2<.«^ 

66 

1 .399^ 

67 

1.3731 

68 

1.352  1 

69 

1 .402  1 

70 

1.388  1 

71 

1.881  J 

36 


EXPEEIMENTS    ON    FLOW    OF   WATER   IN   PIPES. 


TABLE  No.  7— {Continued). 


Tube  No.  3,  Gauge  No.  4,  at  Superior. 


Tube  No.  5,  Gauge  No.  5,  at  Hastings. 


30-in. 

pipe. 

Number  in 
Table  No.  22. 

192 

0.752 
0.721 
0.696 
0.996 
1.457 
1.819 
1.875 
1.861 
2.162 
2.630 
2.627 
3.134 
1.693 

0.840 
0.869 
0.792 
1.288 
2.189 
2.671 
2.706 
2.731 
3.241 
3.. 381 
3.327 
4.139 
2.420 

1.117 

193 

1.211 

194 

1.138 

195 

1.2931 

196 

1.502  J 

197 

198 

1.449^- 

199 

200 

1.468 
1.499d' 

201 

1.284g 

202 

1.263g 

203   

1.321  1 
1.429 J 

204 

Tube  No.  3,  Gauge  No.  9,  at  Military 
AND  Army. 


Tube  No.  5,  Gauge  No.  5,  at  Campbell  and 
Porter. 


16-in. 

pipe. 

Number  in 

Mean  reading. 

Mean  reading. 

H^  by  T.  No.  5. 

Table  No.  31. 

M^  by  T.  No.  3. 

42 

0.017 
0.146 
0.165 
0.573 
0.570 
0.604 
1.170 
1.161 
1.551 
1.506 
1.505 
1.517 
1.934 
2.893 
2.870 
3.a43 
4.835 
4.869 
5.895 
5.847 
6.682 
7.4S5 
8.944 
8.770 

0.125 
0.069 

0.080 
0.682 
0.710 
0.583 
1.559 
1.578 
2.081 

2.oa3 

2.047 
2.089 
2.579 
3.996 
3.960 
5.327 
6.546 
6.788 
8.070 
8.080 
9.278 
10.411 
12.346 
12.5.55 

7.353 

43 

0.472 

44 

0.485 

45  

1.190 

46 

1.246 

47 

0,903-, 

1.383 

1.359 

1.342 

1.370 

1.360 

1.377 

1.333g 

48  

49 

50 

51 

52  

53 

54  

? 

55 

1.381 J 

56 

1-379  ' 

57 

58  

1.387§ 
1.354* 

59  

1.394^ 

1.390 

1.382 

1.882 

1.391 

1.373 

1.420 

s 

60. 

61   

62 

63 

64  

65 

Tube  No.  4,  Gauge  No.  9,  at  Leland. 

Tube  No.  5,  Gauge  No.  5,  at  Hastings. 

30-in. 

pipe. 

Number  in 

Mean  reading. 

Mean  reading. 

i?j,  by  T.  No.  5. 

Table  No.  22. 

H^,  by  T.  No.  4. 

X66    

0.811 

2.9785 

3.295 

3.908 

2.204 

0.633 

0.988 

1.2.36 

1.567 

2.122 

2.500 

2.936 

3.250 

3.473 

3.803 

3.650 

2.097 

2.218 

0.964 
3.792 
4.283 
4.591 
2.846 
0.832 
1.2.58 
1.728 
2.341 
2.764 
3.345 
3.969 
4.446 
4.652 
5.247 
4.875 
3.220 
2.855 

1.188 

172 

1.2731 

175  

1.303 

178  

1.174 

185 

1.286 

212  

1.313 

213 

1.273- 
1.396». 

214 

215 

1.493-* 

216 

an, 

217 

219 

1.352^ 

220 

1 .  368*^ 

221 

1.339 

223 

1.379 

224 

1.335 

225  

1.535 
1.887 

226 
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The  square  roots  of  these  ratios  give  the  corresponding  ratios  between 

the  velocities  by  these  tubes.     The  ratios  between  the  velocities  are, 

Tube  No.  3       „  „_    Tube  No.  5       ,,„,,,       ■,-,,„, 
therefore,  =-^ — ^^^ — -.  =0.97;  r^^^--^ — o  =  1-18,  1.17  and  1.174;   and 
Tube  No.  4  Tube  No.  3 

Tube  No.  5  _ 
Tube  No.  4  —  ^•^''• 

Remembering  that  the  ratio  of  the  velocities  is  the  reciprocal  of  the 

ratio  of  the  coefficients,  from  the  first  ratio  is  obtained: 

noj-     i.    err  X.    -KT     o        non       Coefficient  of  Tube  No.  4 
Coefficient  of  Tube  No.  3  =  0.89  = ^r-^7= ,  or  co- 
efficient of  Tube  No.  4  =  0.89  X  0.97  =  0.863. 
From  the  second  ratios  are  obtained  : 

Coefficient  of  Tube  No.  3  =  0.89 


Coefficient  of  Tube  No.  5  = 


1.18 


0.754;  ^  =  0.761  ;  and  ^  =  0.758. 

From  the  third  ratio  is  obtained: 

/-<«.•     .     o  m  ■,      -KT     ^       Coefficient  of  Tube  No.  4      0.863 
Coefficient  of  Tube  No.  5  = 


1.16  1.16 

=  0.745, 

Considering  that  observations  at  Hastings,  Leland  and  Superior 
Streets  have  shown  that  the  maximum  velocity  in  each  place  is  very 
near  the  center,  while  similarly  conclusive  data  were  obtained  for 
only  one  of  the  two  locations  on  the  16-in.  line;  and  considering  also 
the  relative  number  of  experiments  at  the  two  jjlaces,  it  has  been 
decided  to  give  the  value  for  the  coefficient  of  Tube  No.  5  obtained 
from  Tube  No.  4  double  the  weight  that  is  given  to  each  value 
obtained  from  Tube  No.  3  directly,  and  to  consider  the  latter  as 
of  equal  weight  among  themselves,  when  the  arithmetic  mean  is 
i  [0.754  4-  0.761  +  0.758  +  (2  x  0.745)]  =  0.752,  and  the  value  0.75 
is  adopted  as  the  coefficient  for  Tube  No.  5  and  that  of  0.86  for  Tube 
No.  4. 

As  Tubes  Nos.  1  and  2,  and  Tubes  A,  B,  C,  D  and  JJhave  not  been 
used  in  any  experiments  where  a  knowledge  of  their  coefficients 
(beyond  the  fact  that  they  are  constant,  which  has  already  been 
demonstrated)  would  be  of  particular  value  to  this  investigation,  the 
discussion  of  their  ratings  wdll  be  omitted  at  present. 
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In  Closed  Pipes,  with  Running  Walei' :  Adopted  Coefficients. — Ta 
recapitulate,  the  coefficients  adopted  are: 

For  V.  For  Hi-,  To  reduce  s/WZ  to  Fg. 

For  Tube  No.  3 0. 89  0. 7921  1. 734 

"     4 0.86  0.7396  1.676 

"     5 0.75  0.5625  1.462 

"     6 0.846  0.7157  1.649 

All  are  to  be  applied  to  the  velocity  computed  from  the  observed 
head  considered  as  that  to  which  the  velocity  is  due. 

Comparison  of  Ratings  in  Still  and  Flowing  Water :  The  Experimental 
Data. — There  are  now  brought  out  for  examination  two  series  of 
coefficients  for  the  same  instruments,  one  obtained  by  a  method  of 
long  standing  for  such  apj^aratus,  and  a  method  involving  very  simple 
manipulations  and  comi3utations;  the  other  a  series  obtained  by  a 
more  devious  course  of  experiment,  but  one  in  which  the  conditions 
of  actual  service  were  much  more  closely  approximated.  As  to  the 
skill  with  which  both  ratings  were  performed,  the  writers  believe 
them  equally  entitled  to  credence,  and,  if  the  values  obtained  had 
been  but  slightly  diflferent,  they  would  probably  have  given  the  open 
trough  rating  the  preference  on  account  of  the  larger  number  of  obser- 
vations, and  the  greater  simislicity  of  operation  and  reduction. 
Nevertheless,  the  results  confirmed  a  long-lingering  suspicion  that  the 
conditions  under  which  an  instrument  operated  when  dragged  through 
still  water  were  not  those  existing  when  the  water  flowed  past  it. 

For  comparison,  the  coefficients  obtained  by  the  two  methods  are: 

Tube  No.  3,  by  tank  rating,  0.926;  by  pipe  rating,  0.89. 
6  "  "       0.950         "  "       0.84. 

5  "  "       0.859         "  "       0.75. 

If  the  same  method  of  rating  in  the  2-in.  pipe  were  applied  to 
Tube  No.  5  and  Tube  C  that  was  used  for  Tubes  Nos.  3  and  6  the 
coefficients  obtained  would  be  0.861  and  0.868,  the  former  coinciding 
closely  with  the  tank  rating  of  the  same  tube.  By  this  coincidence 
the  writers  were  at  first  misled  into  believing  that  the  coefficient  of 
Tube  No.  5  would  be  about  0.86,  and  that  the  ratios  obtained  in  the 
original  investigations  were  in  error,  supposedly  on  account  of  irregu- 
lar distribution  of  velocities.  The  values  obtained  with  Tubes  Nos.  3 
and  6  in  the  tank  evidently  contradict  every  other  experinaent,  for  this 
rating  is  the  only  case  in  which  Tube  No.  6  appears  to  have  a  higher 
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coeflScient  than  Tube  No.  3.  If  there  is  any  advantaf^e  in  the  fine 
lines  used  in  ocean  shipbuilding  over  those  of  the  bluff-bowed  craft 
to  be  seen  on  the  Great  Lakes,  it  must  be  expected  that  Tube  No.  3 
would  give  a  higher  coefficient  than  Tube  No.  6,  from  a  mere  inspec- 
tion of  its  form.  The  writers,  having  made  such  investigations  as  to 
satisfy  themselves  that  the  velocities  are  not  abnormally  distributed, 
either  at  Hastings  or  Leland  Streets,  and  but  slightly  so  at  Sujierior 
Street,  have  therefore  arrived  at  the  conclusion  that  the  method  of 
tank  rating  is  not  a  proj^er  one  to  apply  to  the  instruments  under 
consideration. 

Distribution  of  Velocities  in  Circular  Pipe. 

Normal  Conditions:  Criteria  of  Accuracy. — The  experiments  made 
upon  the  30,  16  and  12-in.  pipes,  in  which  the  Pitot  tubes  were  made 
to  traverse,  aff"ord  interesting  information  as  to  the  conditions  of  the 
flowing  water  and  the  distribution  of  the  axial  components  of  the 
velocities  of  its  particles.  In  addition  to  the  experiments  of  this  sort 
connected  with  the  investigation  of  effects  of  curvature,  some  have 
been  made  upon  one  of  the  42-in.  force  mains  supplying  the  City  of 
Detroit  (Fig.  5),  and,  as  already  intimated,  the fii-st  traverses  were  made 
in  a  12-in.  pipe  which  had  no  connection  with  the  lines  used  in  the  gen- 
eral investigation,  beyond  the  fact  that  it  aff"orded  an  opportunity  to 
ascertain  whether  the  Pitot  tube  was  capable  of  being  applied  to  the 
measurement  of  water  under  the  conditions  which  it  was  supposed 
would  exist  in  the  30-iu.  line. 

On  the  30-in.  pipe  there  have  been  more  than  fifty  individual  tra- 
verses made  under  the  conditions  of  straight  pipe  ;  on  16-in.,  there 
have  been  seven;  on  12-in.,  twenty-nine  (besides  some  partial  prelimi- 
nary ones),  and  on  42-in.,  two.  In  the  2-in.  pipe,  eleven  traverses  have 
already  been  presented  in  the  discussion  of  the  rating  of  the  tubes. 

To  convey  some  idea  at  once  of  the  relative  accuracy  of  this  work, 
it  may  be  stated  that  the  conditions  of  the  experiments  on  June  7th 
and  8th  and  on  June  11th  and  12th,  1898,  were,  as  near  as  could  be, 
the  same,  for  the  traverses  made  at  the  highest  velocities,  which  are 
shown  with  others  in  Figs.  6  and  7.  The  pressure  on  the  mains  at  the 
pumping  station,  4  miles  away,  was  probably  the  same,  within  \  lb.,  on 
both  occasions.  The  consumption  from  the  whole  distribution,  both 
sets   of    experiments    being  made  between    midnight  and   3   k.   m.. 
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and  only  4  days  apart,  must  have  been  very  nearly  the  same,  and,  as 
the  two  blow-oifs  operated  for  producing  velocity  were  the  same,  and 
both  were  fully  opened,  it  may  be  expected  that  the  discharges 
through  the  pipe  were  practically  identical.  On  June  7th  and  8th  two 
traverses  were  made  at  the  highest  velocity,  from  which  a  mean 
velocity  of  3.967  ft.  per  second  is  obtained,  and  on  June  11th  and  12th 
three  traverses  were  made,  giving  a  mean  velocity  of  3.978  ft.,  from 
which  it  is  seen  that  the  tube  shows  the  conditions  duplicated  within 
^  of  1  per  cent.  This  was  for  the  same  tube  in  the  same  position, 
the  traverses  being  made  -with  Tube  No.  3  at  Hastings  Street. 

On  August  13th  and  14th  a  traverse  was  made  at  Lei  and  Street  with 
Tube  No.  4,  when  the  two  blow-oflfs  were  fully  open,  the  time  being 
between  4  and  5  a.  m.,  and  the  conditions  as  to  pressure  as  nearly  the 
same  as  those  in  the  preceding  cases  as  could  be  expected  with  the 
somewhat  different  consumjDtion  in  August. 

The  mean  velocity  by  this  traverse  was  3  988  ft.  per  second,  which, 
when  multiplied  by  the  coefficient  of  Tube  No.  4  =  0.86,  gives  3.430  ft. 
per  second  as  the  true  velocity. 

The  diameter  of  the  pipe  at  Leland  Street,  as  determined  by  the 
rod  caliper,  is  30J  ins.  =2.521  ft. 

Computing  for  Q,  the  discharge  at  Leland  Street  : 

Diameter  2.521 log.  =0.401573    . 

2 

d^- "     =0.803146 

4-=0.7854 "     =9.895091 

4 

Mean  V=  3  430  ft "     =0.535294 

Q "     =  1.233531  =  17.121  cu.  ft. 

Computing  for  Q  at  Hastings  Street: 

3  967  4-  3  978 
Mean  of  velocities  observed  in  June  ^ — '- ^ — '- —  =3.972  ft., 

which,  multiplied  by  the  coefScient  of  Tube  No.  3  =  0.89  =  3.972  X 

0.89  =  3.535  ft. 

Diameter,  by  rod  caliper,  is  30e%  ins.  =  2.504  ft. 

Diameter  2.504 log.  =  0.398634 

2 

d^ «'     =0.797268 

—  =  0.7854 "     =9.895091 

4 

Mean  1^=3.535  ft "     =  0.548389 

Q "     =1.24U748  =  17.408  cu.  ft. 
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Diameter  41  % 


42-IN.  PIPE  OBSERVATIONS  WITH  PITOT  TUBE 

AT  ELMWOOD  AND  CHAMPLAIN, 

DETROIT  MICH., 

JUNE  2D,  1398. 

tube  no.  3,  gauge  no.  8. 

time  10:39  a.  m.  to  4.82  p.m. 

each  position  is  the  mean  of  5  to  7  observations 

each  comprising  4  readings  of  the  gauge  scale. 

Fig.  5. 


Traverse  No.  1,  Positions  3  to  20 

2,  '•       31  "  6t 

3,  ••       M  ••  M 
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5      1  2  3 

g    Velocitj-  Head,  Inches. 


Traverse  42   Positions 
43 


Oto  24 


36 


CO 


05  "  89 
100  "  124 
130  "  154 
155  "  179 


30-IN.  PIPE 

OBSERVATIONS  WITH  PITOT  TUBE  AT 

HASTINGS  AND  ALEXANDRINE, 

DETROIT,  MICH. 

POSITIONS  0  TO  24,  36  TO  60  AND  65  TO  89  TAKEN  WITH  TUBE  NO.  9, 
GAUGE  NO.  5  ON  DIAMETER  45'FROM  VERTICAL.  POSITIONS  100  TO  124, 
130  TO  154,  155  TO  179  TAKEN  WITH  TUBE  NO.  6,  GAUGE  NO.  5,  AT 
SAME  LOCATION. 

POSITIONS  0  TO  S9  FROM  9  ;50  TO  1 1 :32  A.M. 
POSITIONS  100  TO  179  FROM  1:83  TO  3:03  P.M. 
JUNE  220,  1899. 


Fig.  9. 
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The  excess  of  discharge  in  June  over  that  in  August,   therefore, 

,    ,        a.,„  17^08^  17.121  {=  0-287  cu.  ft.)  ^^  ,^^        _, 
appears  to  have  been 17321 

On  the  night  of  July  18th  and  19th,  1898,  three  traverses  Tvere 
made  at  Hastings  Street,  with  Tube  No.  3,  with  the  Canflejd  Street 
blow-oflf,  only,  open,  the  mean  velocity  of  which  gives  2.816  ft.,  and 
this,  multiplied  by  the  tube  coefficient,  0.89,  gives  the  true  velocity  as 
2.506  ft.  per  second. 

Log.  2.506  ft.  =0.398981 

"     Hastings  Street  area  =  0.692359 

u     Q  =  1.091340,  whence  Q  =  12.341  cu.  ft. 

On  the  night  of  August  13th  and  14th  a  traverse,  made  under  sim- 
ilar conditions,  with  Tube  Ko.  4,  at  Leland  Street,  gave  a  mean  velocity 
of  2.847,  which,  multiplied  by  the  coefficient,  0.86,  gives  a  true  velocity 
of  2.448  ft. 

Log.  2.448  ft.  =0.388811 

"     Leland  Street  area  =  0.698237 


"      §  =  1.087048,  whence  Q  =  12.219  cu.  ft. 

Q.  Hastings  ^  12^  =  1.01  nearlv,  or  the  two  measurements  agree 
Q.  Leland  12.219 

within  less  than  1  per  cent. 

The  several  traverses  are  presented  in  Figs.  5  to  14  and  on  Plate  IV, 
and  are  self-explanatory;  and  the  velocities,  reduced  from  the  gauge 
readings,  as  already  exjilained,  are  given  in  Table  No.  9. 

In  examining  these  diagrams  it  will  be  noticed  that  nearly  all  the 
traverses  show  a  region  of  jaeculiar  disturbance  about  two-tenths  of 
the  diameter  from  the  sides.  The  cause  of  this  disturbance  or  how  it 
occurs  is  not  clear  from  these  observations,  but  its  presence  in  practi- 
cally all  the  traverses  precludes  the  possibility  of  its  being  an  accident 
or  an  error  of  observation. 

Normal  Conditions :  Observations  with  Low  Velocities. — The  traverses 
taken  at  the  lower  flows  show  much  less  regular  variation  in  the  veloci- 
ties than  the  faster  ones,  and  those  in  which  the  mean  is  less  than  1  ft. 
per  second  are  so  irregular  as  to  render  them  unsatisfactory  for  meas- 
uring purposes.  In  these  traverses  not  infrequently  a  zero  velocity 
would  be  recorded,  and  sometimes  even  a  negative  one  for  several 
seconds.  At  first,  the  writers  were  at  a  loss  to  account  for  the  negative 
velocities,  for,  while  it  was  possible  to  admit  a  condition  of  rest,  it 
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Diameter  of  Pipe  30^ 
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Diameter  of  Pipe  30'/m" 


For  table  accompanying  Fig.  11,  see  opposite  page. 
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Diameter  of  Pipe  30J/32"  ^  ^ 


For  table  accompanying  Fig.  12,  see  opposite  page. 
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TABLE  No.  8. — Comparison  of  Tkavebses  is  Straight  Pipe. 


Date. 


Location. 


T,    Z 


42 

1 

June  2,  1898. 

42 

2 

" 

42 

3 

" 

:«) 

4 

June  7,  8, 1898. 

m 

a 

" 

SO 

6 

" 

80 

7 

June  11.  12, 1898. 

:^0 

8 

•' 

:«) 

9 

" 

W 

10 

*) 

11 

'• 

:W 

12 

" 

:<() 

13 

" 

:«) 

14 

" 

% 

15 

June  18,  19, 1898. 

:*) 

16 

'■ 

:iO 

17 

" 

80 

IS 

1. 

80 

19 

" 

W 

20 

" 

:-to 

21 

" 

80 

-■2 

>' 

80 

•£i 

" 

80 

24 

" 

aj 

25 

11 

80 

26 

" 

30 

27 

" 

30 

28 

June  24,  25.  1898. 

:io 

29 

July  16,  17,  1898. 

80 

m 

'• 

w 

31 

Aug.  13,  14, 1898. 

:so 

32 

:iO 

33 

It 

*t 

34 

" 

30 

35 

't 

:V) 

36 

" 

*( 

37 

" 

80 

38 

t- 

w 

39 

'• 

80 

4<) 

li 

80 

41 

m 

42 

June  22,  1899. 

80 

48 

80 

44 

'• 

:io 

45 

:w 

46 

I- 

:w 

47 

" 

30 

4H 

Jan.  22,  1901. 

*) 

49 

30 

50 

•M) 

Oi 

Jan.  23,1901. 

30 

52 

lU 

H7 
88 

Sept.l3andl8,1898. 

16 

89 

u 

Ifi 

m 

v. 

Ifi 

91 

.1. 

16 

92 

n. 

16 

93 

'. 

12 

94 

Nov.  4, 1898. 

12 

95 

12 

96 

Xov.  16, 1898. 

12 

97 

12 

<» 

n 

12 

5W 

tl 

12 

IOC 

" 

12 

101 

June  6. 1899. 

12 

102 

June  7,  1899. 

j     Elmwood  aud     ' 
1       Champlain.        C 

Hastings. 


as  s 


Hastings,  oblique. 
Leland. 


Hastings,  oblique. 


Hastings,  vertical. 


Superior,  horizontal. 

\       Military  and       i 
'i     Array  Avenue.     ) 


Kercheval  and 

South. 
Reid  and  South. 


Kercheval  and  South. 


S 

I    3 

I    3 

I    3 

3 

3 
I     3 

!    3 

1    3 


3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
3 
3 
3 
3 
6 
6 
A 
A 
A 
5 


*  l"his  traverse  made  with  point  of  Tube  Xo. 


8  I  41S?  3.884  3.160     0.813 

8  4I55  3.914  3.319     0.818 

..,'  41  §5     Par  tial 

8  1  30fi\    3.72    3.191      0.858 

8i  30e=<    4.h5    3.!C2     0.854 

8  30s'^    4.64    3.96:j     0.854 

8  30«=>,    3.29   2.H08     0.a5:} 

81  m^i    3.:«   2.822     0.M35 

8  SOa^i      Par  tial 

8  I  ya^i 

8  I  30„\    4.67    3.978     0.854 

8  30s'i     Partial 

8  aOj^     Par  tial 

8  30A      Par  tial 

8  30^4    0.»10  0.S->9     0.914 

8  30^1    0.9s<J  0.567     0.575 

8  30b\    1.070  0.609     0.569 

8  SOj',    1.630  1.179     O.m 

8  30A    2.4fJ52.014     0.k:j7 

8  306%    3.292  2.767     0.840 

8  .30a    3. .307  2.806     0.848 

8  30=^,    3.779  3.247     0.859 

8  30A    4.403  3.6.38     0.825 

8  30a    4.284  3.696     0.8»« 

8  30.5,    3.896  2.874      0.846 

8  30A    3.038  2.546     0.822 

8  .30A    2.147  1.894     0.882 

8  30a    1.6211.299    *0.801 

9  30       2.40    1.862     0.T76  

9  '  30       2.7.50  2.317      0.843 

9  1  SOi     2..SS.5  2.240     0.866 

9  !  301      3. WO 2. .551      0.8:J1 

9  30i      3.47:^2.847     0.820 

9  30i      3.972  3.448     0.868 

9  .30]        Par  tial 

9  30}      4.38f)3.828     0.874 

9  301      4.475  3. 9:M     0.879 

9  30]      4.5783.988     0.871 

9  301      4.4283.862     0.872 

9  301      3.970  3.428     O.WSJ 

9  301      3.460  3.075     0.889 

5  30       2.210  1.8IV4     0.84:^ 

5  30   2.820  2.317  0.822 

5  30   2.857  2  4;^:  0.853 

5  30       2.5022.114      0.845 

5  30       2.985  2.490     0.8*4 

6  30       2.9.Vi2.47i)     0.840 

4  30±    1.332  1.814      0.95U 

4  30±    2.2<»1.S'25     0.826 

4  3)±    2.4621.987     0.807 

5  29^;    2.:»}1.762     0.749 

5  29jl    2.5»')8  1.961      0.764 

9  16,\    4.4X53.766     0.840 

9  16,«„      Partial 

9  leA    2.iKX)2.37^     0.818 

9  16,V    3.940  8.291      0.835 

9  16,^^    5.5904.7(B     0.842 

9  161^    6.830  5.781      0.84»i 

9  I6,;i    7.700  6. •►iS     O.H»a 

8  11  992  4  2»0  8.66»i      0.8»J5    0.841 

8  11. SIS  5.075  4.505      0.NS8    0.844 

8  12  0(B  2.(>85  2.2:i8     0.SJ4    0.826 

8  12  003  3.733  3.»»2     0.h85    0.847 

8  12  ae  4..563  4.l>i7     0.891    0.877 

8  12.003  5.455  4. '.K)l      0.915    0.880 

8  12.0(3  6.27:<5.696     0.908    0.878 

9  11.992  0.779  0.585     0.751    0.747 
9  ;11.992^^509_l^.a4O_0.841^^^^_^ 

3  and  orifice  in  pipe  wall. 


o6 
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TABLE  No.  %—{ConUnued). 


Location. 


Dec.  fl,  18!»7. 


Dec.  18,  1899. 


Dec.  20,  IHiK). 
Feb.  8.  1901. 


Feb.  14, 1901. 


Feb.  15,1901. 
March  8, 1901. 


Woodward  and 

City  Limits. 

Mean  of  3 

6 

5 

6 


2g 


>?5 
•3S 


O      P 


11%  1.42 

11%  3.18 

n%'  5.04 

11%!  5.97 


1.063 
2.565 
4.148 
4.781 


0.748 
0.807 
0.823 
0.801 


«S 


2-In.  Pipe. 


Cornell  University. 


Hor.  3    2.096 

"  3    2.096 

••  5     2.096 

"  D   2.096 

"  D   2.096 

"  D   2.096 

"  D    2.096 

'^  D    2.096 

'■  D    2.096 

"  E!  2.096 

'^  E~  2.096:  5.68 

Vert,  i;   2.096   2.317 

•'  E.  2.096    4.39 


2.51 

2.74 

5.281 

2.51 

1.99 

0.78 

0.817 

1.135 

1.22 

1.59 


2.046 

0.815! 

2.281 

0.832 

3.798 

0.729 

2.07 

0.825 

1.618 

0.8131 

0.5444 

0.698 

0.6a36 

o.a37: 

0.892 

0.785 

1.084 

0.889 

1.292 

0.812 

4.584 

0.809 

1.912 

0.826;    

3.465 

0.789i 

1 

was  diflBcult  to  imagine  a  reversed  flow,  when  it  was  kiiown  jaositively 
that  the  only  outlet  was  down  stream.  On  further  experiment,  it  was 
found  that  if,  when  Tube  No.  3  was  reading  a  high  velocity  in  the 
jiositive  direction,  the  point  was  turned  away  from  the  dii'ection  of 
the  axis  of  the  pipe,  the  reading  would  be  decreased  and  that,  soon 
after  the  jjoint  passed  an  angle  of  45°  with  the  axis,  negative  readings 
occurred.  Making  a  complete  revolution  of  the  tube,  it  was  found 
that  the  maximum  negative  reading  occurred  when  the  point  was  about 
at  right  angles  to  the  axis,  the  readings  approaching  zero  again  after 
this  point  was  jjassed,  and  being  considerably  nearer  to  zero  when  the 
tube  was  reversed  than  when  it  was  only  half  reversed.  From  these 
observations,  it  was  concluded  that  the  zero  and  negative  readings 
were  due  to  oblique  currents,  and,  as  an  obliquity  of  a  little  more  than 
45°  was  evidently  suflScient  to  produce  them,  it  was  determined  to 
treat  all  negative  readings  as  zero.  This,  undoubtedly,  has  the  effect 
of  giving  too  low  a  discharge  to  the  section,  but  it  did  not  seem  pos- 
sible to  determine  the  true  axial  velocity  when  such  readings  occurred, 
and  the  writers  preferred  to  limit  the  use  of  the  instrument  to  those 
cases  where  such  readings  do  not  occur.  Traverses  containing  them 
are  nevertheless  presented,  as  it  has  been  the  purpose  of  the  writers  to 
present  the  results  as  obtained,  be  they  good,  bad  or  indifferent. 
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Normal  Conditions:  Relation  of  Cen (nil  to  Mean  Velocity. — As  already 
stated,  it  was  discovered  early  iu  these  investigations tbat  fortbe30-in. 
pipe  a  nearly  constant  ratio  existed  between  the  mean  velocity  as  de- 
termined \i\  the  traverse  and  the  velocity  at  the  center,  and  this  fact 
was  at  once  taken  advantage  of  to  measure  the  discharge  without  the 
labor  of  traversing. 

Table  No.  8  shows  the  elements  of  seventy-six  traverses,  giving  the 

V 

ratios   of  -^.     From  this  table,  selecting  those  traverses  which  when 

'  c 

plotted  show  the  nearest  approach  to  normal  conditions,  a  mean  value 
of  this  ratio  of  0.8i  has  been  arrived  at  for  the  30-in.  pipe,  and  this 
value  seems  also  to  hold  for  the  16,  J  2,  and  42-in.  pipes.  The  value 
0.81  for  this  ratio  has  been  already  deduced  for  the  2-in.  brass  pipe, 
from  which  it  may  appear  that  the  ratio  decreases  slightly  with  the 
diameter;  but  traverses  at  other  points  in  this  pipe  have  given  a  ratio 
of  0.84,  so  that,  for  such  diameters  as  are  met  in  ordinary  practice,  it 
seems  entirely  safe  to  use  a  factor  near  to  0. 84.  There  appears,  on  the 
face  of  Table  Xo.  8,  some  evidence  that  the  ratio  changes  with  the 
velocity,  but  if  such  a  change  occurs  it  is  quite  small  within  the  limits 
of  the  experiments.  The  irregularity  of  the  ratio  seems  more  likely 
to  be  due  to  the  occvirrence  of  disturbances  as  the  tube  jjassed  the 
center,  rather  than  to  an  actual  variation  of  the  ratio.  Observations 
made  with  a  tube  on  the  center  continuously  showed  the  velocity 
there  to  be  continually  varying  through  small  limits,  but  enough  to 
change  the  value  of  this  ratio  1  or  1%  between  the  maximum  and 
minimum. 

Normal  Conditions :   The  Equation  of  the   Velocity  Ciirres. — Thecon- 

V 
stancy  of  the  ratio  -~  points  to  a  definite  form  of  the  surface  repre- 

'  c 

sented  by  the  plottings  of  the  axial  components  of  the  velocities,  and 
ordinary  judgment  would  indicate  the  curs^e  of  the  right  section  to  be 
one  that  might  become  tangent  or  very  nearly  so  to  the  pipe  wall.  Of  the 
common  curves,  that  which  most  naturally  comes  to  mind  as  fultilling 
this  condition  is  the  ellipse.  An  inspection  of  the  i)lotted  traverses 
where  normal  conditions  existed  shows  that  the  velocity  at  the  pipe  wall 
was  probably  about  half  of  the  maximum.  As  already  pointed  out,  the 
velocity  at  this  position  has  never  been  measured  on  account  of  the 
imiJossibility  of  doing  so  with  tubes  of  finite  dimensions,  but,  from  the 
inclination  of  the  line  between  the  two  positions  nearest  the  edge,  it 
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seems  fair  to  assume  the  foregoing  value.  If  this  be  so,  then  the  veloc- 
ity prism  is  made  up  of  a  cylinder  of  length  J  V^  and  a  dome  of  some 
form,  the  volume  of  which  is  (0.84  —  0.50)  V,  A  =  0.34  F,  A. 

Recalling,  now,  that  the  volume  of  the  ellipsoid  of  revolution  is  two- 
thii-ds  of  the  eiix-umscribiug  cylinder  of  equal  length,  and  the  volume 
of  half  such  a  figure  is  j.  or  0.333  of  such  a  cylinder,  it  is  apparent  at 

V 
once  that  the  establishing  of  the  ratio  -^  =  0.84  stamps  the  velocity 

'  c 

curve  as  a  very  close  ajDi^roximation  to  the  ellipse  in  general  form,  in 
spite  of  its  many  irregiilarities.  The  writers  are  aware  that  previous 
investigators  have  assumed  this  curve  to  be  a  parabola,  possibly  modi- 
fied by  some  other  curve  near  the  sides,  but  this  assumption  calls  for  a 

y 
ratio  fT-  =  0.75,  which  is  altogether  too  far  from  the  foregoing  exi^eri- 

mental  values  to  be   admitted,  notwithstanding  that  a  distinguished 

predecessor  in  this  line  of  exjjeriment  has  deduced  a  parabolic  equation 

for  this  curve  from  a  comprehensive  mathematical  investigation  of  the 

supposed  internal  relations  of  the  i^articles  and  their  motions.     It  is, 

perhaps,  fair  to  themselves  to  state  that  the  elaborate  investigation 

above  referred  to,  was  unkno'OTi  to  the  writers  until  after  the  comjjletion 

of  the  work  of  1898. 

The  experiments  shoAv  that  even  in  straight  pipe  the  value  of  the 

Y 
ratio  y^  may  vary  somewhat  as  obtained  by  experiment.     Whether  an 

'  c 

actual  variation  occurs  after  normal  flow  is  once  established  they  have 
not  regarded  as  proven  except  where  special  disturbing  causes  intervene. 

Ahuiyrmul  Conditions :  Distortions  of  the  Velocity  Curve. — While,  under 
normal  conditions  of  flow  in  straight  pipe,  the  velocity  cui-ve  assumes  a 
form  approximating  closely  to  the  ellipse,  it  is  very  susceptible  to  small 
distortions.  The  effect  of  curvature  is  ^jrobably  one  of  the  most  potent 
in  producing  such  distortions,  and  Figs.  11  and  12  show  a  series  of 
traverses  taken  on  horizontal  diameters  of  30-in.  pipe  at  points  a  few 
feet  beyond  the  P.  T.  's  of  90°  circular  curves.  Fig.  11  shows  traverses 
taken  10  ft.  5  ins.  down  stream  fi-om  a  40-ft.  radius  curve,  and  Fig.  12 
those  taken  23  ft.  4  ins.  from  a  15-ft.  radius  cui-ve,  for  mean  velocities 
in  both  cases  ranging  from  less  than  1  ft.  to  about  3i  ft.  per  second. 

These  traverses,  ijarticularly  those  of  Fig.  11,  show  the  gradual  dis- 
placement of  the  point  of  maximum  velocity  from  a  position  near  the 
center  at  slow  velocities  to  one  at  about  the  location  of  the  peculiar 
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disturbances  already  referred  to  in  the  consideration  of  normal  flow, 
when  the  maximum  velocity  reaches  a  little  above  3i  ft.  Beyond  this 
position  an  increase  of  30%  in  maximum  velocity  fails  to  shift  the 
point  of  the  locus.  This,  perhaps,  explains  why  the  losses  observed 
when  water  flows  around  a  single  curve  of  180°,  are  not  twice  as  great 
as  when  it  passes  around  one  of  90°,  and  of  the  same  radius.  The 
velocity  curve  probably  receives  its  maximum  possible  distortion  at 
velocities  above  3  or  4  ft. ,  before  the  water  has  passed  the  first  quadrant, 
so  that  there  is  no  more  energy  absorbed  in  this  operation  until  a  tan- 
gent is  reached  and  the  velocity  curve  begins  to  be  brought  back  to  the 
normal  form.  It  is  interesting  to  notice  that  the  point  of  maximum 
velocity  is  at  the  same  place  on  the  diameter  in  both  figures,  thias 
showing  that  a  variation  of  radius  from  40  to  15  ft.  has  very  little  effect 
in  changing  the  distribution  in  this  respect. 

But  it  will  also  be  observed  that  there  is  a  marked  difference  in  the 
remaining  characteristics  of  the  velocity  curves  in  the  two  figures, 
those  following  the  short-radius  curve,  showing  less  total  distortion 
than  those  following  the  longer  ones.  This  may  be  in  part,  or  iierhaps 
wholly,  accounted  for  by  the  excess  of  distance  existing  between  the 
curve  and  the  diameter  of  traverse  in  the  former,  thus  permitting 
the  velocities  to  begin  their  readjustment,  but  the  fact  that  the  point 
of  maximum  velocity  is  in  the  same  position  in  both  cases  seems  to 
show  that  the  readjustment  has  at  least  not  progressed  unequally  in 
the  two  cases,  and  so  appears  to  controvert  the  above  suggestion. 

If  the  distortion  of  the  velocity  curve  accounts  for  the  excess  of 
loss  of  head  of  the  first  half  of  a  180^  curve  over  that  of  the  second,  it 
must  be  a  leading  factor  in  curve  resistance,  and  it  might  be  suggested 
that  the  curve  jJi'oducing  the  least  distortion  would  oiFer  the  least 
resistance  to  the  passage  of  water  around  it,  when  it  follows  that  the 
loss  in  the  short-radius  curve  would  be  the  less. 

Passing  by  this  question  for  the  present,  the  effect  of  the  distortion 
of  the  velocities  upon  the  loss  of  head  to  be  observed  in  the  tangent 
following  the  curve  becomes  of  interest,  for  it  is  readily  seen  that  if 
energy  is  absorbed  in  producing  the  original  distortion,  energy  must 
also  be  absorbed  in  bringing  about  a  readjustment  to  the  normal 
arrangement,  and  a  question  at  once  arises  as  to  the  limits  within 
which  the  curve  resistance  is  to  be  measured,  for  it  must  evidently 
extend  beyond  the  curve.     The  logical  conclusion  is  that  the  curve 


66  EXPERIMENTS    ON    FLOW    OF    WATER    IN    PIPES. 

resistance  must  be  assumed  to  extend  to  the  point  where  the  distri- 
bution of  velocities  again  becomes  normal,  and  the  cui've  should  be 
charged  with  the  excess  loss  of  head  in  the  «ection  between  this  point 
and  its  beginning,  over  the  loss  in  an  equal  length  of  similar  straight 
pil^e.  It  now  becomes  of  interest  to  determine  how  far  away  from  the 
P.  T.  of  the  curve  this  point  of  normal  rearrangement  is,  and  on  this 
question  the  data  obtained  are  not  conclusive. 

Abnormal  Conditions :  Readjustment  of  the  Velociti/  Curve. — It  has  been 
considered  that  the  distribution  at  Hastings  Street  was  normal, 
although,  even  there,  occasional  evidences  of  eccentricity  in  the  point 
of  maximum  velocity  have  been  observed.  This  location  is  737  ft. 
down  stream  from  a  10-ft.  radius  circular  curve,  and  the  intervening 
pipe  contains  no  known  disturbing  elements,  and  on  the  whole  it  seems 
safe  to  conclude  that  the  distortion  caused  by  a  10-ft.  radius  curve  does 
not  extend  737  ft.  or  295  diameters  down  stream  in  30-in.  pipe,  except 
at  very  low  velocities. 

Looking  now  at  the  traverses  at  Superior  Street  (Fig.  14),  it  appears 
that  while  the  maximum  velocity  is  in  the  center,  there,  nevertheless,  is  a 
distortion,  which,  however,  may  be  due  to  the  presence  of  a  gate  with 
the  bonnet  on  the  slow  side  of  the  traverse,  only  2  ft.  up  stream.  This 
location  is  238  ft.  down  stream  from  a  6-ft.  radius  curve,  and  the  conclu- 
sion must  be  considered  as  doubtful  that  distortion  is  apparent  238  ft. 
or  9.5  diameters  down  stream  from  a  6-ft.  radius  curve  in  30-in.  pipe. 

The  traverses  made  at  Leland  Street  (Fig.  8),  show  a  slight  dis- 
tortion, which  is,  with  one  exception,  toward  the  concave  side  of  the 
curve,  and  it  may,  perhaps,  be  justly  questioned  whether  this  distortion 
may  not  be  due  to  preceding  branches  in  the  pipe,  of  which  there  are 
three  on  the  slow  and  one  on  the  fast  side  of  the  traverses,  the  nearest 
being  one  of  the  former,  a  30  x  10-in.  Y-l>ranch  distant  about  270  ft.  up 
stream.  A  length  of  756  ft.  of  jsipe  intervenes  between  this  traverse 
and  the  preceding  15-ft.  radius  curve.  This  location,  therefore,  can- 
not be  considered  as  furnishing  conclusive  evidence  either  one  way  or 
the  other. 

The  16-in.  traverses,  Plate  IV,  Fig.  1,  which  were  taken  on  a  verti- 
cal diameter,  show  a  slight  vibration  of  the  point  of  maximum  velocity 
up  and  down  past  the  center  as  the  velocity  changes.  These  traverses 
were  taken  328  ft.  from  a  compound  curve  having  a  mean  radius  of 
about  3|  ft.,  there  being  no  intervening  specials.     It  seems  fairly  safe 
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to  conclude  that  the  effect  of  the  distortion  due  to  a  3A-ft.  radius  hori- 
zontal curve  is  not  apparent  in  a  vertical  traverse  328  ft.  or  252  diame- 
ters down  stream  in  16-in.  pipe. 

The  12-in.  traverses  ou  South  Street,  Plate  IV,  Fig.  3,  which  were 
also  taken  vertically,  show  a  decided  distortion  at  Eeid  Street,  where 
the  traverse  was  taken  25.75  ft.  below  a  gate  which  was  examined  and 
found  to  be  wide  open,  and  of  which  no  part  jirojected  into  the  water- 
way. 

As  the  point  of  maximum  velocity  is  below  the  center,  it  would 
seem  that  the  eflfect  of  the  opening  into  the  bonnet  of  the  gate  was  to 
retard  the  flow  at  the  top  of  the  pipe,  and  corresponds  to  the  observed 
condition  at  Superior  Street.  The  traverses  at  Kercheval  Avenue  were 
made  on  a  diameter  2  025.75  ft.  from  the  nearest  up-stream  obstiiiction 
of  any  kind,  which  was  the  same  gate,  and  the  preceding  2  000  ft.  was 
probably  as  carefully  laid  as  any  section  of  pipe  ever  imt  into  the 
ground,  it  being  as  nearly  in  a  straight  line  as  it  was  possible  for  levels 
and  alignment  to  make  it.  In  spite  of  these  excellent  preceding  con- 
ditions the  traverses  Nos.  94,  95,  101  and  102  show  a  distortion  of  the 
velocities,  the  maximum  being  persistently  a  little  above  the  centers. 
As  the  gate  at  Eeid  is  the  only  disturbing  cause,  it  seems  that  one  of 
two  conclusions  is  to  be  drawn;  (a)  that  the  maximum  velocity  will  not 
remain  exactly  in  the  center  under  even  the  most  favorable  conditions; 
or  [b)  that  disturbances  of  velocities  may  extend  more  than  2  OCO  diam- 
eters in  12-in.  pipe.  The  writers  consider  it  very  improbable  that  an 
unknown  obstruction  existed  in  the  jsreceding  pipe. 

Traverses  A,  B,  C  and  D,  Plate  lY,  Fig.  2,  are  means  of  series  of 
traverses  taken  on  12-in.  pipe,  the  individual  observations  being  three 
to  a  position,  all  taken  within  a  period  of  20  seconds,  after  which  the 
instrument  was  moved,  thus  giving  a  position  every  30  seconds.  The 
location  was  in  straight  pipe,  about  30  ft.  down  stream  from  a  16  to 
12-in.  reducer,  which  was  10  ft.  down  stream  from  a  16  x  6-in.  cross. 
The  pipe  preceding  this  cross  was  ordinarily  straight,  and  16  ins.  in 
diameter  for  several  thousand  feet,  the  next  special  being  a  16  x  6-in. 
tee  about  250  ft.  up  .stream.  These  traverses  would  seem  to  indicate  that 
the  eflfect  of  the  reducer,  if  any,  was  to  straighten  out  or  make  normal 
the  velocity  distribution,  if  the  cross  and  tee  mentioned  had  dis- 
torted it. 

When  these  traverses  were  made,  the  water  was  passed  through  a 
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12-in.  Venturi  meter  about  40  ft.  down  stream  from  the  diameter  of 
the  traverse.  The  discharge  was  measured  thi'ough  this  meter  simul- 
taneously with  the  tube  work,  by  attaching  one  of  the  mercury  gauges, 
described  under  "Differential  Gauges,"  to  the  up-stream  and  throat 
connections,  and  computing  the  discharge  from  the  observed  difference 
in  head,  which  was  read  every  30  seconds. 

The  results  were  as  follows,  Tube  No.  2  being  used: 


Traverse. 

Mean  F  by  tube, 
feet  per  second. 

Mean  Fby  meter, 
feet  per  second. 

F  meter. 
Ftube. 

J.=Mean  of  3 

1.063 

1.045 

0.983 

B=     "      "  6 

2.565 

2.408 

0.935 

C=     "      "  5 

4.148 

3.733 

0.900 

D=    "      "  6 

4.781 

4.487 

0.938 

Tube  No.  2  was  never  rated,  except  by  this  comparison. 

Abnormal  Conditions:  Effect  of  Distortion  of  the  Velocity  Curve  upon 
the  Discharge,  as  Measured  by  Pilot  Tube.— ^m&W  distortions  of  the  ve- 
locity curve  do  not  appear  to  seriously  affect  the  accuracy  of  a  discharge 
measurement  by  traversing  with  the  Pitot  tube,  although  they  will,  of 
course,  reduce  the  apparent  discharge  when  it  is  based  on  the  observa- 
tion of  the  velocity  at  the  center.  It  follows,  therefore,  that  when  the 
latter  method  is  used,  the  j^osition  of  the  maximum  velocity  should  be 
established.  To  establish  this,  examinations  on  two  diameters  ap- 
131-oximately  at  right  angles  to  each  other  are  necessary,  at  least,  if  the 
maximum  velocity  is  eccentric.  So  far  as  the  j)resent  investigation 
goes  it  indicates  that  when  the  velocity  is  found  to  be  a  maximum  at 
the  center  on  one  diameter  it  may  be  considered  so  on  all,  but  until 
traverses  are  made  on  the  second  diameter  where  the  distortions  are 
great,  this  cannot  be  jjositively  affirmed,  and  the  writers  would  not  feel 
warranted  in  advancing  it  as  a  ijrojjosition. 

Computations  of   discharges  from  the  traverses  taken  under  the 

excessive  distortion  observed  near  the  curves  do  not   correspond  with 

those  obtained  by  simultaneous  traverses  at  the  Leland  Street  location, 

V  V 

nor  does  the  ratio  -^,  or  even   ■     "'     correspond  with  their  values  m 

c  'max. 

the  case  of  normal  distribution. 

Effect  of  Fm'm  of  Tube:  The  Rating  Means  and  Equations. — At  the 
end  of  Table  No.  3  are  given  the  co-ordinates  of  the  points  B,  C  and 
A  of  the  straight  line  deduced  from  the  rating  experiments  by  the 
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method  of  centers  of  gravity,  and  also  the  equations  of  these  lines. 
The  arithmetic  means  of  the  ratios -^  are  also  given,  the  experiments 

marked  -with  an  asterisk  being  rejected  in  this  computation. 

It  will  be  observed  that  all  the  equations  involve  a  constant  prob- 
ably produced  by  the  variation  of  the  maximum  velocity  from  the 
center  of  the  pipe.  The  plottings  of  the  rating  experiments  show 
eccentricities  in  the  loci  of  all  the  tubes  at  the  low  velocities,  and,  by 
omitting  from  the  computation  one  or  more  of  the  experiments 
included,  the  constants  could  be  reduced.  These  constants  are  not, 
in  the  opinion  of  the  writers,  to  any  great  extent,  due  to  errors  of 
observation,  but  rather,  as  indicated  above,  to  minor  changes  from 
the  general  law  of  distribution  within  the  pipe.  How  much  they  are 
influenced  by  the  form  of  the  tubes  is  an  unsolved  problem. 

The  diflPerences  in  the  coeflBcients,  or  in  the  values  of  the  ratios 

-f^,   are  evidently  due  in  the  main  to  the  form  of  the  tubes,  and, 

whether  the  eflfects  of  form  be  investigated  by  the  arithmetic  means  or 
by  the  line  equations,  similar  differences  appear  in  most  cases. 

Effect  of  Forrm  of  Tube:  Effect  of  the  Point. — When  the  tubes  have 
been  experimented  upon  with  the  trijile  gauge  and  readings  on  the  cir- 
cumferential or  ring  jjiezometer  observed,  it  is  jsossible  to  study  the 
effect  of  the  changes  in  the  point  separately  from  those  of  the  tube  as 
a  whole.  This  is  possible  with  Tubes  Nos.  .3  and  6,  and  Tubes  C,  D 
and  E.     Table  No.  10  gives  the  experimental  results: 

TABLE  No.  10. — Point  and  King  Eatios  and  CoEFFicrENTS. 


Tube. 

U 

U          Vm          U 
COEF.   =    —^  —  =  —^^ 

By  means. 

By  line. 

By  means. 

By  line. 

No.  3 

0.799 
0.784 
0.821 
0.874 
0.834 

0.797 
0.803 
0.801 
0.878 
0.834 

0.962 
0.9C8 
1.014 
1.079 
1.029 

0.963 

No.  6 

0.992 

C. 

0.989 

D 

1.084 

E 

1.029 

This  shows  a  range  of  more  .than  12%  between  the  point  of  Tube 
No.  3  and  that  of  Tube  D.  The  point  of  the  former  is  quite  similar  to 
that  used  by  Darcy,  who  considered  its  coefficient  as  ranging  from 
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0.875  to  1.057.  The  differences  in  the  foregoing  values  show  that  an 
assumption  of  unity  may  not  be,  in  all  caset,  within  the  limits  of  al- 
lowable error,  as  Tube  D  is  seen  to  give  a  result  ii%  too  small,  on 
this  assumption.  The  forms  of  the  points  are  well  shown  on  Plate  I 
and  Fig.  4.  The  effect  of  similarity  of  points  is  shown  by  a  compar- 
ison of  Tube  No.  3  with  Tube  No.  6,  and  Tube  C  with  Tube  E. 

Effect  of  Form  of  Tube:  Effect  of  the  Pressure  Orifices. — Having  con- 
sidered the  effect  of  the  point,  it  is  now  possible  to  arrive  at  some 
conclusion  regarding  the  remainder  of  the  tube,  by  an  examination  of 
the  experiments  on  point  and  pressure  openings  which  have  been 
made  on  Tubes  Nos.  3,  5  and  6,  and  Tubes  C  and  D. 

TABLE  No.  11. — Point  and  Pressube  Eatios  and  Coefficients. 


Tube. 

U 

COEF.    =    -^    X 

Vc         0.81  F^ 

By  means. 

By  line. 

By  means. 

By  line. 

No  .3 

0.729 
0.683 
0.693 
0.694 
0.684 

0.720 

0.700 

0.703 

0.69^ 

0.713 

0.900 
0.843 
0.857 
0.857 
0.843 

0  389       ' 

No.  6 

C 

No.  5 

D 

0.864 
0.868 
0.861 
0.881 

Here,  it  is  seen  that  the  effect  of  the  remainder  of  the  tube  is 
in  some  cases  to  reverse  the  tendency  of  the  point.  Thus,  Tube  No.  3, 
which  for  "Point  and  "Ring"  had  the  lowest  coefficient,  has  the 
highest  for  the  "  Point  and  Pressure,"  and  Tube  D,  which  had  a  coeflS- 
cient  for  "Point  and  Ping  "  12%  higher  than  Tube  No.  3,  now  has  one 
nearly  l"o  lower.  It  appears,  therefore,  that  side  openings  located  as 
in  Tube  Z)  will  increase  the  tube  reading  considerably,  and  thus  enable 
it  to  be  used  more  accurately  at  low  velocities.  Comparisons  of  the 
forms  of  Tubes  Nos.  6  and  5  and  Tube  C  are  less  reliable  because  of 
the  area  these  tubes  occupied  in  the  pipe,  which  is  shown  in  Fig.  4, 
although  the  effect  of  similarity  of  form  between  Tube  C  and  Tube  No. 
5  is  easily  apparent. 

Effect  of  Form  of  Tube:  Effect  of  the  Presence  of  the  Tube  on  the  Dis- 
tribution of  Velocities.  — It  might  easily  be  supposed  that  the  insertion  of 
a  large  tube  in  a  small  pipe  would  cause  the  water  to  rush  past  it  at  a 
higher  velocity  and,  therefore,  with  decreased  pressure,  so  that,  while 
the  point  was  reading  the  normal  velocity,   the   jiressure   openings 
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would  read  low  and  the  apparent  velocity  would  be  increased.  From 
the  position  of  the  ring  openings,  more  than  f  in.  up  stream  from  the 
point,  it  seems  safe  to  conclude  that  this  effect  would  only  be  ai)parent 
on  the  side  openings  in  the  tube  itself,  and  the  first  conclusions  drawn 
from  the  rating  experiments,  when  a  coefficient  of  0.861  was  obtained 
for  Tube  No.  5,  were  in  conformity  with  this  supposition,  for,  assum- 
ing the  rating  in  still  water,  which  gave  0.859,  to  be  reliable,  the  evi- 
dence seemed  to  be  strongly  in  its  favor.  An  examination  of  the 
distribution  of  the  velocities  shown  by  the  traverse  with  Tube  No.  5, 
in  comparison  with  those  made  with  other  tubes,  showed  clearly  that 
there  was  a  large  effect  due  to  the  contracted  area,  and  when  the  pipe 
comijarisons  on  30-in.   and  16-in.   pipe,  made  under  widely  varying 

conditions,   showed  the  ratio  of  Tube  No.  5  to  Tube  No.  3  to  be  as 

0  89 

r^-—r  and  this  was  checked  bv  a  rating  of  Tube  C'in  a  5-in.  pipe  which 

0.75  .  &  II 

gave  for  it  a  coefficient  for  Fof  0.80  and  for  i/,,  of  0.64,  and  a  compari- 
son between  Tube  No.  5  and  Tube  Cby  ^,  its  duplicate,  in  the  30-in. 
pipe,  it  appeared  to  be  conclusive  that  the  effect  of  the  contraction  of 
area  was  the  opposite  of  that  supposed  above,  and  it  may  be  conjec- 
tured that  the  presence  of  the  tube  caused  a  division  of  the  stream 
with  the  maximum  velocity  away  from  the  sides  of  the  instrument. 

Effect  of  Form  of  Tube:  The  Effect  of  Form  in  the  Tank  Rdtlngs.— 
In  the  tank  ratings  the  effect  of  form  shows  itself  somewhat  differently 
than  in  the  pijie.  The  finer  lines  of  Tube  No.  3  j^ermit  it  to  pass 
through  the  water  without  much  disturbance,  while  the  more  "bluff" 
outlines  of  Tube  No.  6  seem  to  cause  a  body  of  water  to  be  swept 
ahead  of  it  and  i^erhaj^s  act  as  a  cushion  or  fender  to  the  effects  of  the 
impact  against  the  water  beyond.  This  does  not  mean  a  generation  of 
velocity  in  the  rating  trough,  necessarily,  but  simply  a  carrying  along 
of  a  small  mass  of  water  in  front  of  the  point. 

The  sinuous  line  of  Tube  No.  5  in  the  tank  rating  seems  to  be  ac- 
counted for  by  the  possible  generation  of  a  wave,  of  amplitude  varying 
with  the  velocity,  such  that  at  certain  speeds  its  direction  past  the 
l^ressure  openings  causes  them  to  read  high  and  at  others  to  read  low. 

Differential  Gauges. 
Construction. 

Mercury    Dfferential    Gauges.— In    1894    two    differential    mercury 
gauges,  Nos.  1  and  2,  were  constructed  for  the  Engineering  Department 
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of  the  Detroit  Water- Works,  the  general  design  of  each  consisting  of 
a  glass  U-tube  of  i  in.  internal  diameter,  each  end  of  which  was  con- 
nected to  a  separate  ^-in.  drawn-brass  tube  leading  down  the  back  of 
the  gauge  and  terminating  at  the  bottom  in  shut -off  cocks  and  coupling 
for  hose.  The  U-tubes  were  partly  filled  with  mercury,  and  the  press- 
ure was  communicated  to  the  tops  of  these  columns  by  the  water  in  the 
hose,  thence  up  through  the  tubes  on  the  back  of  the  gauge,  through 
the  top  connections  and  down  in  the  glass  tube.  As  the  U-tubes 
finally  were  broken  in  handling,  and  were  found  exj^ensive  and  diffi- 
cult to  replace,  the  gauges  *  were  rebuilt  in  1896,  as  shown  in  Plate 
V,  and  used  in  various  tests  and  experiments  during  1896-98. 
The  glass  tubes  have  an  inside  diameter  of  |  in.,  and  a  standard  with 
a  funnel  top  is  provided  at  one  side  to  enable  the  gauge  to  be  filled 
with  mercury  without  disturbing  the  connections  at  the  top  of  the 
glass. 

A  by-pass  is  also  provided  near  and  below  the  main  shut-oflf  cocks, 
and  by  opening  this  equalizer  the  mercury  should  return  to  a  zero 
reading.  The  tripods  for  the  various  gauges  are  not  shown  on  any  of 
the  illustrations. 

Oil  Differential  Gauges. — For  measuring  the  losses  of  head  in  the 
experimental  lengths — except  on  the  12-in.  2  000-ft.  tangent — two 
special  difierential  gauges  were  used,  designated  as  Xos.  6  and  7,  each 
consisting  of  two  glass  tubes  ff  in.  internal  diameter,  and  36  ins.  long, 
mounted  ujjon  a  board  in  parallel  positions  about  3  ins.  apart,  as 
shown  on  Plate  Y.  The  tops  were  connected  by  a  brass  casting 
having  a  vent  or  filling  ojDening  closed  by  a  cap.  At  the  bottom  a 
brass  casting  connected  each  tube  to  a  cock,  which  terminated  in  a 
coupling  for  the  attachment  of  hose.  A  scale,  graduated  to  inches 
and  tenths,  was  mounted  between  the  two  tubes. 

When  these  gauges  were  partly  filled  with  water,  the  upper  part  of 
the  tubes  containing  air,  the  length  of  that  part  of  the  scale  between 
the  tops  of  the  two  water  columns  would  give  the  diflference  of  head  at 
the  up  and  down-stream  sides  of  the  instrument,  directly,  which  could 
be  read,  under  the  conditions  of  the  experiments,  to  -o-o  in. 

This  might  be  considered  highly  satisfactory  by  those  who  are  ac- 
customed  to  the  use  of  Bourdon  gauges  or  mercury  columns,  but  could 

*  The  general  design  was  similar  to  the  one  built  and  used  by  E.  Kuichling.  M.  Am. 
Soc.  C.  E.,  and  described  by  him  in  his  valuable  paper,  ••  rtn  the  Loss  of  Head  Resulting 
from  the  Passage  of  Water  Through  a  %i-lu.  Stop  Valve,"  Transactions,  Am.  Soc.  C.  E., 
Vol.  xxvi.,  after  which  these  gauges  were  in  part  modeled. 
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hardly  be  eflScient  in  measuring  the  loss  of  head  in  25  ft.  of  30-in.  pipe 
at  velocities  of  less  than  1  ft.  per  second. 

To  increase  the  fineness  of  the  reading  of  the  instrument,  the  air  in 
the  upper  portion  of  the  tube  was  replaced  by  oil,  whereby  the  value 
of  one  division  of  the  scale  in  head  of  water  became  greatly  decreased. 
With  ordinary  kerosene  the  reading  of  the  scale  was  about  five  times, 
and  with  sperm  oil  about  nine  times,  the  head  of  water,  as  will  be  shown 
later. 

Kerosene,  gasoline  and  sperm  oil  were  tried  at  various  times  in 
these  experiments,*  and  although  all  gave  good  results,  kefosene  was 
found  to  be  the  most  satisfactory,  for  the  following  reasons:  (1)  It 
evaporates  very  slowly;  (2)  it  does  not  destroy  rubber  hose  very 
quickly;  (3)  it  remains  perfectly  fluid  under  all  ordinary  conditions 
and  responds  instantly  to  changes  in  pressure;  (4)  it  has  a  convenient 
specific  gravity;  (5)  it  will  not  explode  if  used  at  night  near 
lanterns;  and  (6)  it  can  be  obtained  anywhere. 

An  opening  with  a  cap  is  provided  at  the  top  for  filling  with  oil  and 
allowing  the  escape  of  air,  and  two  small  cocks  near  the  bottom  are 
used  for  blowing  out  the  aii'  in  the  hose,  or  part  of  the  oil,  if  found 
necessary.  Much  trouble  was  experienced  for  two  years  with  oil  leak- 
ing through  the  stuffing-boxes,  but  since  using  common  yellow  soap 
in  the  packing,  in  place  of  tallow,  no  leak  has  ever  been  observed.  It 
may  be  remarked  here  that  these  gauges  have  given  excellent  satisfac- 
tion under  various  conditions,  and  the  very  fact  that  they  are  easy  to 
observe,  there  being  ordinarily  no  vibration,  adds  greatly  to  the  value 
of  the  results  obtained.  They  can  also  be  so  constructed  as  to  indi- 
cate with  great  accuracy  H^.  as  observed  with  Pitot  tubes  in  gas  or  air 
flues,  and,  by  properly  graduating  the  scale,  F^,  in  gas  or  air,  can  be 
read  directly  at  any  time.  The  form  of  stuffing-boxes  shown  is  not  the 
best,  and  on  these  or  any  other  gauges  no  valves  should  be  used 
which  are  not  of  approved  design  and  carefully  inspected.  More 
trouble  has  been  experienced  with  jjoorly  constructed  plug  cocks  in 
the  various  gauges  used  than  all  other  leaks  combined,  although  this 
form  of  valve  is  generally  preferable  to  any  other  style,  as  it  contains 
no  chamber  or  bonnet  which  may  retain  air. 

Cornell  Triple  Gauge. — This  gauge  is  similar  to  Nos.  tj  and  7,  ^^-ith 
the  exception  that  three  glass  tubes  24  ins.  long,  are  used  instead  of 

♦  So  far  as  known  to  the  writers,  the  use  of  oil  in  this  manner  is  original  with  them. 
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two  36  ins.  long;  thus  permitting  pressure  differences  to  be  observed 
between  three  points  instead  of  two. 

Method  of  Conducting  Experiments. 

Apparatus:  Piezometers. — With  the  exception  of  the  four  special 
jjiezometer  castings  set  in  thel2-in.  line,  and  a  few  taps  horizontally  in 
the  side  of  the  16-in.  pipe  and  some  of  the30-in.  curves,  all  connections 
to  the  various  pipes  were  made  with  corporation  cocks  screwed  into  the 
top  of  the  main  as  nearly  at  right  angles  to  the  center  line  as  possible. 
On  the  30-in.  line  these  cocks  were  h,  in.  in  diameter,  the  hole  first  being 
drilled  from  the  inside,  normal  to  the  axis  of  the  pipe,  threaded  from 
the  outside,  and  painted  with  graphite  paint   or  red  lead  and  oil.     On 

i/aIf  Cock 

Air  Chamber -»f  ,1  Mpple 


Connection 
Hose  to  Gauge 


OIL  GAUGE  CONNECTION   TO  30-IN.  PIPE  LINE 


Fig.  16. 

the  12  and  16-in.  lines,  |-in.  cocks  were  used,  the  inner  end  or  bottom 
being  plugged,  and  a  i-in.  hole  tapped  through  the  plug.  They  were 
inserted  with  a  tapping  machine.  No  diflference  could  be  detected  in 
the  results  obtained  by  the  two  methods,  but  it  may  be  observed  that 
if  pressures  are  very  low,  too  small  an  opening  will  not  allow  sufficient 
flow  through  the  lead  pipe  and  hose  to  remove  the  air. 

Apparatus .  Lead  Cotinections. — Nearly  all  piezometers,  except  those 
at  the  ends  of  the  2  000-ft.  tangents  on  the  12-in.  line,  were  connected 
to  the  side  of  the  road,  as  shown  in  Fig.  16,  with  ^l-in.  lead  pipe,  and 
provided  with  a  stop  and  waste  cock  and  a  riser  to  the  surface.     This 
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method  lias  proved  very  satisfactory  where  pipe  is  laid  in  streets  sub- 
ject to  more  or  less  travel.  In  a  few  cases,  where  the  cock  was  located 
in  a  gate-well,  no  lead  pipe  was  required. 

Apparatus:  Air  CJiambers. — The  first  operation  in  connecting  the  oil 
gauges  consisted  in  removing  the  cap  from  the  riser  at  the  side  of  the 
street  and  screwing  on  an  air  chamber  made  of  2-in  pipe.  The  air 
valve  at  the  top  was  opened  and  the  water  turned  on  by  the  stop  cock  on 
the  lead  connection.  As  soon  as  all  air  seemed  to  have  been  removed, 
the  necessary  amount  of  hose  was  attached  near  the  bottom  of  the  air 
chamber  and  water  turned  into  it  and  allowed  to  run  for  some  minutes, 
the  hose  being  violently  shaken  in  the  meantime  and  the  air  valve 
finally  closed.  It  is  impossible  to  say  just  how  much  value  these  air 
chambers  have.  It  is  obvious  that  they  should  be  placed  at  the  street 
main,  but  as  this  could  not  be  done,  they  were  i^laced  as  close  to  it  as 
the  street  would  permit.  Air  chambers  were  used  in  all  experiments 
where  not  otherwise  stated. 

Apparatus :  Hose. — Two  sizes  of  hose  were  generally  used,  J -in.  and 
|-in.,  in  all,  several  hundred  feet.  This  hose  was  divided  into  50-ft. 
lengths,  and  all  couplings  were  threaded  alike  and  provided  with 
rubber  washers  to  allow  of  any  arrangement  of  lengths  and  obtain 
tight  joints.  It  was  thought,  perhaps,  that  difi'erent  sizes  or  unsymmet- 
rical  distribution  of  lengths  might  aifect  the  results,  but  a  careful 
investigation  of  readings  obtained  in  the  field  and  experiments  made 
while  calibrating  the  gauges,  gave  no  evidence  that  such  a  condition 
existed.  This  was  true  even  in  the  extreme  case  on  South  Street,  12- 
in.  line,  where  the  gauge  was  connected  to  1  000  ft.  of  g-in.  lead  pipe  on 
one  side  and  to  only  25  ft.  of  ^-in.  lead  pipe  on  the  other.  In  connecting 
the  gauges,  however,  it  was  the  intention  to  have  the  same  length  of 
each  size  on  either  side  of  the  gauge,  and  in  but  few  instances,  was  this 
rule  disregarded.  Exjierience  seems  to  show  that  i-in.  hose  is  j^refer- 
able  to  J-in.  hose  for  general  work,  because  it  is  easier  to  remove  all  air, 
as  a  higher  velocity  through  it  can  be  obtained  if  the  inlet  openings  are 
sufiSciently  large,  and,  while  small  air  bubbles  will  till  the  entire  cross- 
section  of  the  i-in.  size,  the  same  bubble  would  give  a  clear  waterway  in 
the  ^-in.  hose.  In  a  few  cases  A-in.  hose  was  used,  and  was  found  to 
work  as  well,  if  not  better,  than  the  ^-in.  size,  but  it  is  not  as  easily 
carried  from  place  to  place,  and  is,  therefore,  not  as  well  adapted  to 
field  use. 
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Manipulations:  Connecting  Gauges. — The  gauge  was  usually  set  up 
about  midway  between  piezometers,  either  in  the  shade  of  a  tree,  a  build- 
ing, or  au  umbrella,  except  when  work  was  done  at  night.  "When  satis- 
fied that  the  hose  was  clear  of  air,  it  was  connected  to  the  gauge  and 
the  lower  valves  opened.  If  the  oil  had  been  used  for  some  time,  and 
its  hne  of  contact  with  the  water  was  not  sharp  and  well  defined,  the 
cap  at  the  top  of  the  gauge  was  removed  and  all  oil  blown  out.  The 
bottom  cocks  were  then  closed,  and  oil  fed  in  at  the  top  of  the  gauge 
through  a  funnel,  while  water  was  slowly  drawn  out  of  one  of  the 
waste  cocks  near  the  bottom.  "When  a  sufficient  quantity  of  oil  had 
been  introduced  into  the  gauge,  the  top  cap  was  screwed  on  and 
the  small  blow-oflf  cocks  closed;  the  bottom  valves  were  then  opened, 
and,  if  there  was  no  flow  through  the  main,  tTie  dividing  surface 
between  oil  and  water  in  both  tubes  should  stand  at  the  same 
level;  but  such  a  resialt  was  seldom  obtained,  although  the  devia- 
tion was  always  vei'y  slight. 

There  appear  to  be  three  principal  reasons  for  the  gauges  not 
registering  zero: 

(1)  Small  leaks  anywliere,  or  even  "sweating"  joints,  are  sufficient 
to  give  a  slight  -f  or  —  reading.  In  two  instances  a  minute  puncture 
was  found  in  the  hose,  but  in  all  cases,  all  joints  above  ground  were 
made  tight  and  every  precaution  taken  to  eliminate  this  error.  Leaks 
at  the  gauge  affect  the  readings  more  than  if  near  one  of  the  piezom- 
eters, and  are  of  more  importance  when  small  hose,  long  lengths  of 
hose,  or  small  piezometer  ojoeniugs  are  used. 

(2)  A  second  reason  was  air  in  connections,  which  was,  however, 
removed  as  thoroughly  as  possible.  If  the  gauge  gave  readings 
apisarently  in  eiTor,  all  joints  were  carefully  examined  for  leaks,  and 
the  hose  disconnected  and  shaken  for  several  minutes  with  full  flow 
through  it  before  being  re-connected.  Air  bubbles  in  a  horizontal 
pipe  apjiarently  affect  the  results  much  less  than  if  the  same  is 
vertical. 

(y)  A  third  reason  is  a  different  temperature  of  water  in  the  connec- 
tions on  either  side  of  the  gauge,  as  when  one  hose  is  shaded  and  the 
other  exposed  to  the  sun;  especially  in  vertical  portions  of  the  connec- 
tion. This  error  could  not  be  entirely  eliminated  in  the  field,  especi- 
ally in  work  done  during  the  day  time. 

Before    taking  any  readings  with  the  mercury  gauges,  they  were 
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tried  with  the  equalizer  open  to  ascertain  if  the  gange  balanced  prop- 
erly. It  may  be  stated,  however,  that  it  is  doubtful  how  much  value 
an  arrangement  has  that  permits  equalizing  a  gauge  to  test  its 
returning  to  zero;  and  such  an  arrangement  is  not  attached  to  the 
oil  gauges.  As  a  matter  of  fact,  the  instrument  is  only  a  part  of 
the  apparatus,  for  the  tubes,  piezometers  and  other  connections 
should  also  be  included  in  the  test,  and,  in  order  to  try  the 
gauge  pro2:)erly,  after  being  connected,  it  should  be  read  with  a  con- 
dition of  "no  flow,"  when,  if  it  returns  to  a  level  position,  it  is  known 
that  the  entire  ajiparatus  is  working  satisfactorily.  Equalizing  the 
instrument  alone  is  sometimes  detrimental  to  the  results  obtained,  as 
readings  are  used  as  taken,  when  corrections  should  be  applied,  or 
they  should  be  rejected  altogether. 

Manipulations  :  Observing  and  Becording.^AU.  differential  gauges 
were  read  once  every  30  seconds.  Those  containing  kerosene  were 
easily  read  to  the  nearest  0.05  in. — the  equivalent  of  about  0.00085  ft.  of 
water — and  all  calibrations  and  some  other  observations  were  taken  to 
the  nearest  0.01  in.,  the  scales  being  divided  into  inches  and  tenths  and 
numbered  up  from  0  at  the  bottom.  The  observer  recorded  his  own 
readings,  which  were  timed  by  a  well-regulated  watch,  and  took  tem- 
jjerature  readings  from  a  thermometer  attached  to  the  gauge. 

Two  men  were  required  with  the  mercury  gauge,  an  observer  and  a 
recorder,  and  as  there  was  frequently  considerable  vibration  in  the 
columns  of  mercury,  and  as  the  direction  of  movement  of  the  tops  of  the 
mercury  columns  must  necessarily,  at  the  same  moment,  be  in  opposite 
directions,  the  readings  of  the  two  columns  were  observed  simulta- 
neously at  one  extreme  and  then  at  the  other,  and  an  average  used  as 
an  observation.  The  scale  on  Gauge  No.  1  is  divided  into  inches  and 
tenths,  0  being  at  the  center,  the  numbers  reading  up  and  down  from 
this  point;  all  below  the  0  marked  — ,  and  above  4-.  This  manner  of 
dividing  gauge  scales  is  not  satisfactory,  as  the  sign  of  the  readings 
occasionally  confuses  the  observer,  or  is  omitted  from  the  notes.  A 
thermometer  was  attached  to  each  gauge,  and  it  was  intended  that  read- 
ings should  be  taken  every  10  minutes.  This  rule  was  strictly  adhered 
to  in  all  later  work,  with  both  oil  and  mercury  differential  gauges. 
The  effect  of  temperature  upon  the  observed  results  was  not  at  first 
fully  appreciated,  and  in  some  of  the  earlier  work  the  thermometer 
was  not  read  as  frequently  as  it  should  have  been. 
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The  calibrations  show  that  temperature  effects  must  not  be  neglected, 
and  in  making  reductions  the  temperature  has  been  interpolated  where 
not  actually  observed.  In  no  case,  however,  have  such  interpolated 
figures  been  published  in  the  log  of  experiments  given,  without  calling 
special  attention  to  the  fact. 

CALIBRATION  OF  OIL 


Let  7i  =  Sp.  gr.  of  water. 
"    0=  "     "    "  oiL 
•"^  p  =  "     "    "  air. 

il)Dn-hqn — dn=qn—do-hDp 

{%)Dn  =  dn—do-^Dp 

or 
(■i)Dn-~Dp=dn-  do 

(4)Z)  =  ^^f^  or  i)=||^  when  d  =1 

(5)from(:3)    =:^^=^ord_«^ 

when  .0  =  1 

If  the  weight  of  air  Dp  is  neglected 
(4)  becomes  (6)  D  =  '-^  when  d  =  1 


Fig.  17. 


Calibrations. 

Importance. — Few  of  the  oj^erations  connected  with  experimental 
hydraulics  are  of  more  importance,  or  are  more  diflScult  to  perform, 
than  the  careful  calibrations  of  the  instruments  used  in  the  observa- 
tions, and  few  have  been  neglected  as  much  in  the  past,  even  by  those 
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whose  experiments  will  be  the  foundation  of  important  i^ractical  for- 
mulas in  their  respective  lines  for  many  years  to  come. 

Fully  realizing  this,  some  of  the  first  work  carried  on  by  the  writers 
was  an  attempted  calibration  of  part  of  the  gauges,  and  from  that  time 
down  to  the  present  much  attention  has  been  given  this  subject,  it 
being  their  endeavor  to  apply  such  coefficients  to  the  field  notes  that 
the  final  results  obtained  might  be  as  near  the  triie  ones  as  the  instru- 
ments described  and  time  and  resources  at  their  disjjosal  would  permit. 

Many  of  the  first  investigations  were  unsatisfactory,  but  the  ones 
given  are  those  apjilied  to  most  of  the  experiments;  in  a  few  cases, 
however,  where  it  seemed  possible  that  a  different  rating  should  obtain, 
on  account  of  oil  of  difierent  specific  gravity  being  used,  other  values 
were  adojited. 

Kerosene. — Attention  is  called  to  Fig.  17  for  a  proper  understanding 
of  the  principle  upon  which  the  oil  difierential  gauge  works,  and  the 
method  adopted  for  its  calibration  with  kerosene. 

Gauges  Nos.  6  and  7  were  used,  one  suspended  above  the  other,  the 
lower  one  partly  filled  with  oil  and  the  ujDiJer  one  connected  to  it  and 
having  its  top  cap  removed.  The  remainder  of  the  lower  gauge,  the 
hose  and  the  top  gauge  were  filled  with  water,  and  great  care  was  taken  to 
have  no  air  in  either  of  the  gauges  or  connections.  In  this  condition 
the  columns  of  oil  should  stand  level.  Part  of  the  water  in  one  tube 
of  the  upper  gauge  was  then  di-awn  out  through  the  small  cock  at  its 
bottom  until  D  =  1  in.  ±,  and  D  and  d  were  observed.  Another 
1  in.  rh  of  water  was  then  drawn  out,  and  D  and  d  again  observed,  and 
80  on  until  about  one-half  of  the  water  in  the  upper  gauge  had  been 
removed,  when,  in  a  like  manner,  it  would  be  lowered  in  the  other  tube 
until  the  water  near  the  bottom  of  the  upper  gauge  read  level,  and  the 
oil  in  the  lower  gauge  should  have  returned  to  zero. 

Eleven  observations  were  usually  made,  and  the  temperature  of  the 
water  was  taken  as  drawn  from  the  upper  gauge.  Many  series  of 
observations  have  been  taken  in  this  manner  with  oils  of  various 
specific  gravities,  and  in  Table  No.  12  are  shown  the  results  obtained 
from  one  such  calibration,  every  reading  being  taken  by  two  observers, 

each  Avithout  reference  to  the  other.     Column  13  gives  the  value  of  -^ 

as  finally  corrected,  and  Column  14  its  variations  from  this  one  calibra- 
tion, the  air  Dp  not  being  considered. 
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In  Table  Xo.  13  are  given  the  results  obtained  in  11  series  of  cali- 
brations (No.  11  being  the  one  given  in  detail  in  Table  No.  12),  the 
ones  marked  "diverging"  being  the  readings  obtained  when  D  was 
increased  and  "  converging  "  when  I)  was  diminished. 

It  was  thought  that  the  effect  of  D  getting  larger  and  then  smaller 
might  be  apparent  in  the  results — which  are  shown  in  Fig.  18,  where 

CALIBRATION  OF  OIL  GAUGE   No.  7,   FILLED  WITH  KEROSENE  AND  WATER, 
SHOWING  EFFECT  OF  CHANGES  IN  TEMPERATURE. 
«  Observation.i  takiii  with  Columns  Separating. 
°  ~"  "         "  "        Converging. 
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Degrees  Fahr. 
Fig.  18. 

all  readings  are  plotted, — and  for  this  reason  readings  were  taken  at 
1  in.  ±,  2  ins.  rb,  3  ins.  ±,  etc.,  instead  of  only  at  5  ins.  ±.  Column  42 

gives  the  average  results  of  ^  derived  from  the  readings  with  D  at 

3  ins.  ±,  4  ins.  ±,  and  5  ins.  ±.     It  is  to  be  borne  in  mind  that  the 
results  presented  in  this  table  and  obtained  by  the  foregoing  calibra- 
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tions,  are  affected  by  the  presence  of  the  air  T)p  which  does  not  exist  in 
the  field  observations.  A  correction,  therefore,  should  be  ajjplied  to 
eliminate  this  factor  before  using  them  with  such  data.  It  was  not 
deemed  advisable  to  include  the  readings  taken  ^vith  Z)  at  1  in.  ±  and  2 
ins.  ±,  owing  to  the  effect  of  observation  errors. 

As  it  was  impossible,  with  the  apparatus  used,  to  get  the  necessary 
range  in  temperatures  to  cover  all  the  exi)eriments,  the  specific  gravity 
of  the  kerosene  was  observed  with  an  oil  hydrometer,  and,  near  the 
bottom  of  Fig.  19,  the  readings  thus  taken  are  shown  \\\i\\  their  re- 
spective temperatures,  and  the  average  computed  line. 

TABLE  No.  14. — Temperatdke  Reduction  Curve. 
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))1.6230 
0.1808 


It  was  very  difficult,  with  the  hydrometer  used,  to  obtain  the  actual 
specific  gravity,  as  the  angle  that  the  oil  makes  with  the  glass  is  verj 
obtuse,  but  by  always  holding  an  incandescent  light  at  the  same  angle 
outside  of  the  glass  vessel  containing  the  liquid,  and  below  its  surface, 
and  always  observing  from  the  same  point  above  this  surface,  very  close 
relative  readings  could  be  taken.  A  comparison  is  made,  in  Table  No. 
14,  between  the  average  line  obtained  from  the  hydrometer  readings 
and  the  results  of  the  average  calibrations  from  Table  No.  13,  and  the 
latter  are  found  to  average  0.1803  in  excess  of  the  former.  In  Table 
No.  15,  from  the  specific  gravity  of  water,  and  that  of  the  oil,  as  found 
by  the  hydrometer,  the  value  of  D,— Column  5,— is  given  when  the  air 
D  p  is  taken  into  consideration,  and  Column  G  when  it  is  not.     As  this 
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air  does  not  exist  in  field  observations,  0. 1803  is  added  to  =  in  Column 

6,  the  result,  Column  7,  giving  -=  for  1  in.  of  water  at  60^,  wMch  is 

the  coefficient  ajjplied  to  most  of  the  field  readings.  Fig.  19  shows 
grai^hically  the  operation  just  described,  the  dotted  lines  taking  into 
account  the  air  D  p,  and  the  full  lines  omitting  this. 

CALIBRATION  OF  KEROSENE  0»L. 

n 

n-o 

-n-P 

n-o 
•  =  Gauge  ObserratioDs. 


Fig.  19. 


Gasoline. — In  a  manner  similar  to  that  described  under  the  kero- 
sene calibrations,  the  specific  gravity  of  gasoline  was  observed  with  a 
hydrometer  and  plotted  in  Fig.  20.  Previous  to  this — September  19th, 
1898 — four  calibrations  were  made  with  the  difi'erential  gauges  on  the 
gasoline  used  on  the  12-in.  and  16-in.  lines,  and  are  as  follows  : 
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T.  68°  Fahr 3.440 

3.514 

T.  67°  Fahr 3.506 

3.457 

4)13.917 

T.  67io  Fahr 3.4792  =  "  ~  ^' 

^  n  —  o 

Using  the  rate  of  change  per  degree,  as  found  by  the  hydrometer 
and  the  actual  calibrations  as  given  above,  Table  No.  16  was  con- 
structed, with  no  allowance  made  for  the  air  D  i>. 

TABLE  No.  15. — Kerosene  CAiiiBRATioNS. 


Temp.  Fahr. 

s 
SI 

(is 

CO  c8 

From  Columns 
(2),  (3)  and  (4). 

Corrected 
curve  =  Col- 
umn (6) 

+  0.1S03. 

Her  to 
lice 
sene 
Fahr. 

N-P 
N—O 

N 
N-0 

(1) 
40° 

(3) 
0.7955 
0.7917 
0.7879 

(3) 

i.oocgs 

1 .00068 
1.00000 

(4) 
0.00127 
0.00125 
0.00123 

(5) 
4.8654 
4.7824 
4.7090 

(6) 
4.8725 
4.7884 
4.7147 

(7) 

5.0528 

4.9687 

4.8950 
4.8879 
4.8809 
4.8740 
4.8671 
4.8604 
4.8537 
4.8471 
4.8406 

4.8277 
4.8213 
4.8150 
4.8088 
4.8026 
4.7964 
4.7903 
4.7842 
4.7782 
4.7723 
4.7(565 
4.7008 
4.7552 
4.7497 
4.7443 
4.739(1 
4.733H 
4.72K5 

4.':"^« 

4.7182 
4.7131 
4  7080 
4.7031 
4.(ill«2 
4.(1'.I34 
4. 6887 
4.(i841 
4.6795 
4.(>7.5() 
4.6706 
4.6663 

(8) 
0.96875 

50° 

0.98517 

60° 

1.00000 

61° 

1.00143 

62° 



1 .00285 

63° 

1 

1.00427 

64° 

1 

1.00568 

65° 

1.00708 

66° 

1.00848 

67° 

1.00986 

68° 

1.01123 

69° 

1 .01259 

70° 

0.7840 

0.99895 

0.00120 

4.6413 


4.6474 

1.01394 

71° 

1.01529 

72° 

■ 

1 .01664 

73° 

1 .01798 

74° 

1.()1'.131 

75° 

1 .02063 

76° 

1.02194 

77° 

1.02323 

78° 

1.02450 

79° 

1 .02574 

80° 

0.7801 

0.99762 

0.00118 

4.5809 

4.5862 

1.02696 

81° 

1.0281S 

82° 

1 

1.02939 

83° 

l.(»3a5'.» 

84° 

1 .03177 

85° 

1.03291 

86° 

1.0.3409 

87° 

l.(W523 

88° 

1.036.36 

89° 

1 

1.03748 

90° 

0.7763 

0.99603 

0.00116 

4.5277 

4.. 5329 

1 .03859 

91° 

1 .03969 

92° 

1 .04078 

98° 

1.04186 

94° 

1 .0421*2 

95° 

' 

1.04.397 

96° 

1.04500 

97° 

1.04(502 

98° 

1 



1  .(M70J 

99° 

1 

1 .04802 

100° 

0.7725 

0.99410 

0.00114 

4.4809 

4.4860 

1.04901 

S6 
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TABLE  No.  16. — GASOiiiXE  Calibeatioxs. 


Specific 
Gravity. 

1  in. 
Wa- 
ter. 
D  = 
N-F 
N-0 

T.. 
Fahr. 

Specific 
Gravity. 

1  in. 
Wa- 
ter. 
D  = 
N—P 

1 
T., 
Fahr. 

Specific 
GRAvrry. 

lin. 

T., 
Fahr. 

II 
I          1 
1      1    g 

1     11 
II       1     » 

II 

II 

a 

O 

Wa- 
ter. 
D  = 

Jsr-F 

f 

N-0 

3.5560 
3.5500 
3.5440 
3.5380 
3.5.320 
3.5260 
3.521)0 
3.5145 
3.5090 
3.5035 
3.4980 
3.4925 
3.4870 
3.4ftl5 

N-0 

<1) 
40°... 

(2)         (3) 
1.00089  0.72617 

(4) 
3  fU7fl 

(1> 

|3) 

(3) 

(1) 
68°     . 

(3) 

(3) 

3.4760 

41°... 

3  fyOo 

55° 

! 

69°... 

70°... 
71° 

6;99893 

6!7i657 

3.4705 

42°... 

3. 03.36 
3  6259 

56°... 
57° 

! 

3.4650 

43»... 



3.4598 

44»..- 

. . I 

3.6202 
3.6135 
3.6068 
3.6001 

58°... 
59°... 
60°... 
61°... 

1 

1 

1.00000  0.71587 

72°  .. 

3.4546 

45»... 

73°. 

3.4494 

46<>... 

74°  .. 

3.4442 

47°... 

75°... 

3.4400 

48°... 

1 

3.59.W 
3.4867 
3.58<J0 
3.5740 
3.5680 
3.5620 

62°... 
63°... 

76°... 

3.4338 

49°... 

77°.. 

3.4286 

50°... 

1.00067 

0.72117 

64^.. 
65°... 
66°... 
67° 

.■;:.;.■: 

78° 

3.4234 

51°... 

79° 

3.4182 

£2°  .. 

80°... 

0.99767 

0.70527 

3.4130 

53°... 

1 
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TABLE  No.  17. — Caubkations  of  Spebm  Oil. 


TEMPEKATrRE, 

d  , 

1 
1 

IN  Degrees, 

J-  Inches  Sperm  FOB 
1  In.,  Water. 

Date. 

Fahrenheit. 

1 
1 

Air. 

Water. 

Readings. 

Average. 

1898. 

July  18.. 

81 

8.635 

1 

Gauge   had    stoofl   since  morning   7 

"     18.. 

80!^      ' 

8.74 

8.688   f 

hours  in  draught  in  office. 

"     19..; 

76 

1 

8.908 

In  cellar  7  hours. 

"     19.. 

76H 

8.840 

8.840 

Same  oil  as  above. 

"     19.. 

77 

8.772 

"     21.. 

71 

8.930 

Standing  in  basement  since  last  cali- 
bration. 

"     21.. 

7l^ 

71^ 

8.T92 

8.7915 

Same  oil  specks. 

'•     21..: 

8.716 

'•     21.. 

72 

8.728 

'•     25.. 

74 

8.783 

Very  careful. 

'•     25.. 

76^ 

8.824 

8.810 

" 

■•      25.. 

77 

8.823 

" 

Aug.    6. . 

72}^ 

1      8.95 

'•       6.. 

j 

72>6      i 

1      8.928 

1 

8.939 

Gauge  probably  refilled  during  fol- 
lowing experiment. 

"     10..' 

68 



8.884 

Same  as  preceding  observations  on 
Brady  tangent. 

"     10.. 

70 

S.8»l 

8.8893 

"      10.. 

70 

8.900 

Sept.  23.. 

67 

8.99:5 

•'     23.. 

67 

8.90 

8.9465 

Apr.  21.. 

35 

11.257? 

Calibrated  out  doors. 

Sept.  17.. 

67^ 

,      8.814 

••     17.. 

67^ 

8.821 

1899. 

Mar.    9.. 

84 

52-61 

8.612 

Air  had  been  at  70°  for  3i  hours:  water 
had  been  ^  hour  from  tap. 

"     10.. 

80 

79 

8.57 

Air  for  4  hours  80= :  water  not  changed, 
and  new  water  addeil,  heated  to  79». 

"     11.. 

60-«0 

!      61 

9.05 

Room  open  all  night;  calibrations 
with  window  open. 

"     11.. 

71-70 

63-64 

8.7626 

From  10  to  10.30  temperature  of  air 
was  measured  from  02°  to  70°. 

Sperm  0//. —Comparatively  few  field  observations  were  made  with 
sperm  oil,  and  part  of  those  were  of  such  a  nature  that  relative  rather 
than  actual  results  were  sought.  The  object  of  its  use  was  to  obtain  (by 
reason  of  its  greater  sj^ecific  gravity,  which  ajjproaches  nearly  to  that 
of  water  itself,  so  that  Hj.  in  water  is  therefore  greatly  multiplied  in 
the  oil  readings)  more  precise  results  than  were  possible  with  kerosene 
or  gasoline.  Although  it  may  be  used  to  advantage  in  the  laboratory, 
it  was  discontinued  in  the  field  because  it  came  to  rest  too  slowly. 

Twenty-five  calibrations  have  been  made,  at  various  times  and 
temperatures,  which,  as  observed,  are  presented  in  Fig.  21,  but  no 
table  has  been  prepared  giving  values  for  each  degree  of  temperature. 

The  first  twenty  of  these  calibrations,  and  those  of  kerosene  in 
1898,  were  made  by  using  two  reservoirs  made  from  2-in.  iron  pipes 
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carefully  turned  off  at  their  tops  in  a  lathe,  fastened  in  parallel 
l^ositions  on  a  board,  and  having  a  common  inlet  and  separate  outlets 
at  the  bottom,  any  or  all  of  which  could  be  shut  ofif.  The  gauge  to  be 
calibrated  was  connected  to  the  outlets  of  the  two  reservoirs.  The  zero 
was  obtained  by  equalizing  the  columns  when  the  two  reservoirs  were 
level  and  the  water  flowing  freely  over  the  tops  of  each,  and  these 
brought  to  rest  by  shutting  off  the  inlet.  The  difference  in  head  was 
then  obtained  by  lowering  the  water  in  one  reservoir  and  measuring 
its  fall  by  a  float  consisting  of  a  glass  test  tube  loaded  with  shot  and 
carrying  a  scale  which  was  read  across  a  straight-edge.  The  results 
would  evidently  be  less  accurate  than  those  obtained  by  the  method 
used  with  kerosene,  already  described. 
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Fig.  21. 


TO- 


9.50 


9.00' 
8.90 
8.80 
8.T0 
8.60 
J-.50 


Mercury. — In  the  autumn  of  1897  arrangements  were  made  for  cali- 
brating the  mercury  that  had  been  used  previously  in  the  various  ex- 
periments. Gauge  No.  1  was  connected  with  a  |-in.  hose,  which  was 
led  to  the  otitside  of  the  building  and  attached  to  a  J-in.  glass  tube 
about  4  ft.  long  fastened  vertically  to  the  wall.  Water  was  supplied 
through  a  hose  from  a  second-story  basin  tap,  and  the  corresponding- 
heads  of  mercury  in  the  gauge  recorded  for  various  heights  of  water 
in  the  glass  tube. 

Diificulty  was  encountered,  however,  as  (1)  no  way  was  provided 
for  balancing  the  mercury  columns  with  two  columns  of  water  reading^ 
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zero,  and  thereby  jjroving  that  the  entire  apparatus  was  in  perfect 
working  order,  although  when  the  equalizer  on  the  gauge  was  applied, 
a  reading  of  nearly  zero  was  generally  obtained;  (2)  the  water  as  re- 
ceived from  the  tap  contained  large  numbers  of  minute  air  bubbles, 
which  were  supposed  to  settle  out  in  the  glass  tube  before  readings 
were  taken. 

In  all,  twenty-two  series  were  taken,  when  it  was  found  that  the 
general  average  of  the  results  obtained  gave  the  mercury  experimented 
upon  a  specific  gravity  2^^  above  that  of  pure  mercury.     It  was  then 

CALIBRATION  OF  MERCURY 


Let  n=  Sp.  gr.  of  water. 
"   >»=  "     "    "  mercury. 
"   p^  "     "    "  air 
(1)  />)»■-)-  3)1=  dm  -^qn  —  dn-^Dp 
(.2)Du—Dp=dm  —  dn. 

If  the  weight  of  air  Dj)  is  neglected 
(.S)Dn  =  dm—dn 

let  d=l"  as  observed. 

Z)n=  »i— ?i=Equivalent  of  l'  mercury 

in  inches  head  of  water  at  D 


Fig.  22. 
too  late  in  the  fall  to  continue  the  experiments,  and,  since  then,  it  has 
not  been  thought  necessary  to  construct  new  apparatus. 

In  January,  1901,  the  merctiry  which  had  been  used  was  divided 
into  two  samples  and  tested  in  the  experimental  department  of  the 
laboratory  of  Parke,  Davis  &  Co. ,  at  Detroit,  and  the  specific  gravity 
of  each  at  60°  Fahr.  found  to  be  13.571,  which  value  has  been  used  for 
reducing  the  mercury  gauge  observations. 

Fig.  22  shows  the  principle  by  which  mercury  indicates  the  diflfer- 
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ence,  Dn,  in  pressure  between  two  colnmns  of  water.  As  the  air,  Dp, 
does  not  exist  in  actual  field  practice,  Equation  (3)  shows  the  equiva- 
lent of  1  in.  of  mercury  at  d,  in  inches  of  water  at  D,  and  variations  in 
the  diameters  of  the  tubes  will  not  change  the  ratios  here  given.  The 
cubical  expansion  of  mercury  is  taken  as  0.0001  per  degree  Fahrenheit, 
and  in  Table  No.  18  are  given  the  values  of  D  for  1  in.  of  mercury  at 
^/for  each  degree  of  temj)erature. 

TABLE  No.  -18. — Mekcuky  Calibkations. 


Specific 
Gravity. 

1  in. 
Mer- 
cury 
d  — 
M—N. 

(4) 
12.59851 
12.59711 
12.59583 
12.59455 
12.59327 
12.59199 
12.59071 
12.58943 
12.58815 
13.58687 
12.58559 

T., 
Fahr. 

Specific 
Gravity. 

1  in. 
Mer- 
cury 

d  ~ 

M—N. 

r., 

Fahr. 

Specific 
Gravity. 

1  in. 

Flahr. 

tl 

II 
u 

II 

II 

II 

1 

II 

Mer- 
cury 

d  = 

M  —  N. 

(1) 
39°  . 

(3) 

(3) 

(1) 
50°.. 
51°.. 
52°.. 

(2) 
13.585 

(3) 
1.00067 

(4) 
13.58133 
12.58297 
12.58164 
12.58041 
12.57898 
13.57765 
12.57632 
12.57499 
13.57366 
12.57233 
12.57100 

61°.. 

(3) 

(3) 

13.56971 

40°.. 

13.598 

1.60089 

63°.. 

12.56842 

41°.. 

63°.. 

12.56713 

43°.. 

53°.. 

64°.. 

12.56584 

43°.. 

54°   . 

65°.. 

12.50455 

44°.. 

55°.. 



66°.. 

12.56320 

45°.. 

56° 

67°.. 

12.56197 

46°.. 

57°.. 

68°.. 

13.56068 

47°.. 

58°.. 

69°.. 

12.55939 

48°.. 

59°.. 
60°.. 

isisn 

i!6o6o6 

70°.. 

13.557 

0.99893 

12.. 55810 

49°.. 

Beduction  of   Observations. 
Correction  for   Diameter. — In  order  to  reduce  observed  results  in 
the  same  nominal  size  of  pipe  to  the  same  basis  of  comparison,  a 
correction  should  be  made  for  variations  in  diameter,  and  is  determined 
as  follows : 

Let  d   =  diameter  of  standard  pipe  ; 

di  =  diameter  of  any  other  pipe  ; 

a   =  area  of  pipe  of  diameter  d ; 

rtj  =:  area  of  pipe  of  diameter  dy ; 

1)    =  velocity  in  pipe  of  diameter  d  ; 

v^  =  velocity  in  pipe  of  diameter  d^ ; 

friction  al  loss  in  pipes  of  diameter  d,  of  unit  length  : 
frictional  loss  in  jiipes  of  diameter  dj,  of  unit  length  ; 
constant  discharge  for  all  diameters  ; 

41 

'i-  =  hydraulic  radius  ; 
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S      = 


Si     = 


unit  length  =  / 

''        unit  length  =  / 

Q  =z  a  V  =^  a  c\^  rs  ) 

, r  (Chezy  formula. ) 

q  =rti  ^1  =  Oi  CiVriSi  j 

Assume,  for  small  changes  of  diameter,  c  =  q,  then 

«!  y/ 1\  §1  =  a  yrs  ; 

but  «  =  ;r   (  Y  ) 

therefore,  ^  \~2  )   Vrs  =  7T  \2  )   V^s. 

Substituting  for  r  and  s,  and  reducing, 

d'"  H^  =  fZ,^  hy 
or. 

From  the  last  equation  it  is  seen  that  the  friction al  loss  in  pipes 
is  inversely  proportional  to  the  fifth  power  of  their  diameters,  when  c  is 
constant,  not  otherwise;  from  which  it  follows  that,  for  a  constant  loss 
of  head,  Q  x  V^.  Owing  to  the  method  of  derivation,  this  relation 
between  Q  and  d  is  true  only  for  conditions  in  which  the  value  of 
c  in  the  Chezy  formula  remains  constant. 

Thiktt-Inch  Cast -Ikon  Pipe. 
Description  of  Line. 

Conditio7is.— The  line  of  .30-in.  pipe  experimented  upon  (Fig.  23)  is 
situated  about  4  miles  from  the  pumping  station,  and  is  about  1  mile 
in  length.  It  was  laid  in  189(>-97.  The  route  was  selected  to  conform 
approximately  to  a  contoiu-  line  50  ft.  above  the  mean  surface  of  the 
Detroit  River,  and,  at  the  same  time,  avoid  paved  streets  as  much  as 
possible. 

The  line  thus  located  contained  ten  90-  turns,  alternately  to  the 
right  and  left. 

The  maximum  depth  of  cover  was  7  ft  ,  and  the  minimum  depth  3 
ft.  10  ins.,  the  pipe  being  laid  on  a  level  grade. 
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Surveys. — An  acctirate  transit  line  was  run  over  the  route  selected, 
before  construction  was  commenced,  and  all  points  of  intei-section 
were  carefully  set  and  preserved  during  the  work.  The  pipe  was  laid 
as  nearly  on  these  lines  as  could  be  done  with  the  eye,  it  being  possible 
to  obtain  as  accurate  alignment  for  water  jiipe  between  certain  points 
as  for  railway  tracks,  if  the  same  care  be  taken.  All  horizontal  meas- 
urements were  made  with  a  new  100-ft.  steel  tape  of  the  best  quality, 
which  was  not  broken  or  rejiaired  during  the  entire  work;  no  other 
tajje  was  used.  All  angles  expeiimented  upon  were  made  exactly  90^, 
the  very  slight  deviation  therefrom  being  provided  for  in  the  joints  at 
the  junction  of  the  30-in.  and  42-in.  lines  beyond  the  last  section  experi- 
mented upon. 

It  was  decided  to  lay  curves  of  different  radii,  and  to  make  pro- 
vision for  observing  the  loss  of  head  in  each.  The  pipe  line  as  com- 
pleted is  shown  in  Fig.  23,  and  the  net  lengths  of  tangents  and  curves 
are  as  shown  in  Table  No.  19,  and  the  characteristics  of  it  are  presented 

in  Table  No.  21. 

TABLE  No.  19. 


Scott  St.  tangent* 

90°— compound  curve 

Orleans  St.  tangent 

90° — compound  curve 

Hale  St.  tangent 

9(i°— 60-ft.  radius  curve 

RiopeUe  St.  tangenr 

90° — 40-ft.  radius  curve 

Rowena  St.  tangent 

90° — 25-ft.  radius  curve 

Russell  St.  tangent 

90°  small  compound  curve. 
Brady  St.  tangent 

90°— 15-ft.  radius  curve 

Rivard  St.  tangent 

90°— 10-ft.  radius  curve 

Alexandrine  St.  tangent 

90°— 6-ft.  radius  curve 

Alley  tangent 


Total  length 5  195.89 


12.42 

62.92 
193.59 

62.83 
374.71 

94.24 

73.58 

62.84 
441.17 

39.28 
1.36.79 

22.25 
392.62 

23.56 
1  032.33 

15.70 

1265.45 

9.42 

880.19 


♦The  total  length  of  Scott  St.  tangent,  laid  in  1880.  is  1  991.2  ft.,  more  or  less,  of  which 
only  12.42  ft.  are  included  in  experimental  work,  this  length  being  relaid. 

Levels. — To  establish  bench-marks,  a  line  of  precise  levels  was  run 

from  U.  S.  B.  M.  "Detroit,"  at  the  foot  of  Mt.  Elliott  Avenue,  to  and 

along  the  proposed  route,  returning  to  the  place  of  beginning,  a  total 

distance  of  7  miles,  with  a  closing  error  of  0.031  ft.     After  the  pipe 

was  laid  and   the   joints   caulked,  but  before   covering,  levels  were 

taken  on  the  top  of  each  individual  piece  of  pipe,  curve,  or  special 

casting,  near  the  sjiigot  end.     For  this  purpose  a  15-ft.  self-reading 

level  rod  was  used. 
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In  all,  481  elevations  were  taken  on  the  pipe,  tlie  maximum 
elevation  being  621.30,  and  the  minimum  620.78  ft.,  above  mean  tide  in 
New  York  Harbor,  making  the  diflferenee  in  elevation  between  the 
highest  and  lowest  points  0.52  ft.  For  the  variation  in  elevation 
existing  in  any  one  experimental  section,  attention  is  called  to  Column 
10,  Table  No.  21.  As  great  care  was  taken  in  laying,  there  is  only  a  very 
slight  diflferenee  of  elevation  between  any  two  consecutive  lengths. 

Diameter  of  Pipe. — The  diameter  of  each  12-ft.  length  of  iDijae  was 
measured  in  eight  places,  the  measurements  being  taken  in  i^airs  at 
right  angles  to  each  other,  at  each  end,  and  at  a  distance  in  from  each 
end  as  far  as  could  be  conveniently  reached  (usually  about  12  ins.)  and 
read.  For  this  purpose  a  2-ft.  two-fold,  boxwood  rule,  having  a 
12-in.  brass  caliper  sliding  in  one  leg,  and  graduated  to  inches  and 
sixteenths  was  used. 

The  open  rule  was  firmly  grasjsed  near  the  center  and  one  end 
placed  against  the  pipe,  when  the  slide  could  be  extended  by  a  move- 
ment of  the  thumb  and  slightly  waved  to  find  the  greatest  diameter, 
where  it  was  read  without  removing.  In  this  manner,  diameters  could 
be  taken  quite  rapidly,  one  man  calipering  and  another  recording. 
Curves,  short  pieces  of  pipe,  and  special  castings  were  also  calipered. 
In  all,  more  than  3  600  diameters  were  measured.  Table  No.  20  shows 
the  method  of  keeping  the  notes. 

TABLE  No.  20. 


No.  of 

Length. 

Spigot. 

Bell. 

Weight. 

Remarks. 

pipe. 

End. 

Dist. 

Diam. 

End. 

Dist. 

Diam. 

181 

140 

139 

12  ft.  2  ins.  ■{ 
12  "   2    "    ■} 
12  "  2    '•     I 

30 
30 
30 
30 

30 

1  ^^ 

(30 
"(30 

i  30^ 

iSOi's 

29] 
29ii 

29Jg 

29| 

29|| 

1- 

|29ig 

i291g 

)  30i'5 

i29{S 

(30 

\30 

1    3725 
{■  3505 
1    3520 

Somewhat  uneven. 

Columns  5,  6  and  7  of  Table  No.  21  give  the  mean,  maximum  and 
minimum  diameters  for  each  section  experimented  upon.  The  mean 
diameter  is  that  used  in  all  computations. 

Besd'ipfioii  of  Pipe. — The  pipe  used  in  the  constniction  of  the  Une 
was  ordinary  cast-iron  water  pipe.  The  straight  pipe  was  cast  to  con- 
form as  nearly  as  possible  with  the  dimensions  shown  in  Fig.  24,  the 
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weight  averaging  about  3  750  lbs.  for  each  12-ft.  length.  After  being 
thoroughly  cleaned,  each  pipe  was  heated  over  a  fire  in  a  closed  apart- 
ment to  about  350°  Fahr. ,  and  was  then  dipped  in  coal-tar  and  allowed 
to  remain  about  one  minute,  after  which  it  was  removed  and  allowed  to 
cool.  It  was  then  subjected  to  a  water  j^ressurc  of  200  lbs.  per  square 
inch.  The  interiors  of  the  finished  pipe  were  quite  smooth,  the  coating 
ha'ving  a  glassy  or  shiny  appearance. 

The  design  for  the  bells  of  curves  was  the  same  a.s  for  straight  pipe, 
the  body  of  the  curve  having  a  thickness  of  |  in.  After  being 
thoroughly  cleaned,  they  were  painted  with  two  coats  of  graphite 
paint.     The  6  and  15-ft.  radius  curves  were  not  as  smooth  as  ordinary 

SECTION  OF  BELL,  30-INCH  CAST-IRON  PIPE 

m- ' 


Inside  Diameter  -'50  ins. 
Fig.  24. 

pipe,  and,  although  dressed  off  fairly  well,  still  contained  many  rough 
spots.  One  of  the  6-ft.  radius  curves  showed  a  crack  during  the  test  in 
the  ditch,  but  was  repaired  with  two  wrought-ii'on  bands.  Two  15-ft. 
radius  curves  were  condemned  on  the  gi'ound  because  of  blow-holes 
and  replaced  with  smoother  ones.  The  25  and  90-ft.  radius  curves  were 
.somewhat  better,  but  were  rougher  than  common  pipe.  The  10  and 
60-ft.  radius  curves  were  good  castings,  and  wei-e  fully  as  smooth  aa 
the  ordinary  pipe,  while  the  40-ft.  curves  were  still  better.  One  form 
of  roughness,  chiefly  apparent  in  the  90-ft.  radius  curves,  was  caused 
by  the  contraction  of  the  cores  between  the  core  ribs,  thus  forming 
depressions,  in   rings  about    as  in-    tleep,  extending  for   about    120<3 
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around  the  pij^e.     These  depressions  were  from  6  to  8  ins.  apart,  but 
had  no  abrupt  or  well-defined  edges. 

After  the  line  had  been  in  use  a  few  days,  the  sixth  piece  in  the 
60-ft.  radius  curve  cracked  near  the  bell,  and  was  repaired  by  cutting 
out  and  sleeving  in  18  ins.  of 
straight  pipe. 

The  radius  of  the  curves 
was  checked  by  a  series  of 
measurements  from  the  chord , 
as  shown  in  Fig.  25,  and  the 
interior  side  compared  with 
a  template.  The  variation 
from  the  designed  radius  was 
never  found  to  be  sufficient  Fig.  25. 

to  affect  one  of  these  measurements  |  in.,  therefore  no  corrections 
have  been  made  for  it. 

Pipe  Laying. — Pipe  laying  was  begun  in  October,  1896,  and  com- 
pleted in  January,  1897.  The  soil  is  a  yellow  clay,  well  drained.  The 
trench  was  usually  4  ft.  wide  on  top  (in  a  few  cases  5  ft.),  and  was  first 
excavated  nearly  to  grade,  stakes  were  set  approximately  25  ft.  apart 
near  the  top  of  the  trench,  levels  were  taken  on  top  of  them  and  the 
cutting  calculated  for  each  stake.  As  fast  as  necessary,  stakes  were 
set  by  the  foreman  in  the  bottom  of  the  ditch  at  the  proper  eleva- 
tion for  the  bottom  of  the  pipe.  By  means  of  these,  a  15-ft.  straight- 
edge and  a  hand-level,  the  bottom  was  dressed  up,  bell-holes  were 
dug,  and  the  pipe  lowered  to  its  proper  elevation.  Either  one  or 
two  derricks  were  used,  in  any  case  great  care  being  taken  to  lower 
the  pipe  gently,  but,  if  it  became  necessary,  blocks  of  different  thick- 
nesses were  placed  under  the  pipes  to  bring  them  to  their  proper  eleva- 
tion. The  joints,  which  were  all  made  in  the  trench,  were  packed  with 
hemp,  leaving  a  space  about  2|  ins.  in  depth  for  lead,  which  was  run 
in  and  caulked.  Small  sewers  and  water  jjipes  were  the  only  obstruc- 
tions met,  and  these  were  either  raised  or  lowered,  as  circumstances 
permitted.  All  pipes  and  curves  were  tested*  in  the  open  ditch, 
before  covering,  for  2  hours  with  a  pressure  of  80  lbs.  j^er  square  inch, 
and,  in  order  to  allow  back-filling  to  proceed  as  rapidly  as  possible, 

*  The  testing  of  all  pipe  in  the  open  ditch,  to  a  pressure  at  least  twice  as  great  as  it 
IS  expected  to  bear,  is  a  practice  introduced  in  these  works  in  1893  by  one  of  the  writers, 
and  applied  to  aU  pipe  laid  since  that  time. 
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testing  boxes  were  jjJaced  where  needed.  After  being  used,  but  before 
covering,  a  2-ft.  length  of  30-in.  pipe  was  adjusted  in  the  testing  box, 
(Fig.  26),  in  line  with  the  pipe  in  either  direction  and  concrete  packed 
around  it  before  bolting  on  the  cover.  The  frictional  loss  in  the 
testing  boxes  should  not,  therefore,  exceed  that  of  an  equal  amount  of 
straight  pipe. 

All  gates  used  on  this  line  were  made  by  the  Michigan  Brass  and 
Iron  Works,  and  are  their  standard,  parallel  face,  30-in.  horizontal 
pattern.  The  disc  is  made  in  halves,  which  are  forced  apart  by  wedges 
when  nearly  in  jiosition,  to  seat.     When  open,  the  disc  was  generally 

30-INCH  TESTING   BOX. 


Piece  of  30  in.  Pipe 


LONGITUDINAL  SECTION 


Fig.  26. 

flush  with  the  seats,  and  only  in  one  or  two  cases  did  the  end  of  the 
stems  project  into  the  clear  opening  when  the  gate  was  open,  and 
then  about  1  in.  All  gates  were  ojierated  before  laying.  A  4-in.  by- 
pass, set  horizontally,  and  operated  with  a  hand  wheel,  is  placed  over 
the  gate,  and  during  the  experiments  these  were  open  except  when 
closed  to  make  a  shut-ofif. 

Blow-Offs. — In  the  design  of  the  work  blow-offs  were  provided  for 
draining  the  sections  of  line  between  each  pair  of  gates,  each  being 
connected  to  the  sewer.  Two  of  these  blow-offs,  being  those  draining 
the  last  two  sections,  were  arranged  with  special  nozzles,  one  of  9.216 
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ins.  diameter  and  the  other  7.215  ins.  These  nozzles  were  tapered 
and  were  turned  out  and  carefully  calii^ered.  They  were  set  to  dis- 
charge into  sewers  in  such  a  way  that  it  was  hojDed  they  might  be  used 
to  measure  the  flow,  but  a  few  trials  immediately  after  construction 
showed  the  discharge  to  be  somewhat  obstructed,  and  as,  inadditioH  to 
the  resulting  uncertainty,  it  would  be  impossible  to  supply  any 
territory  through  the  line  during  experiment,  these  blow-ofis  were  not 
used,  as  first  intended,  to  measure  the  water,  but  simply  to  cause  such 
velocities  as  were  desired  in  the  pipe  during  the  exijeriments.  The 
larger  blow-off  was  at  the  extremity  of  the  new  line,  and  the  smaller 
one  in  the  middle  of  the  tangent  between  the  10  and  6Tft.  radius 
cui'\'es. 

Piezometer-  Connections. — For  experimental  purposes,  the  line  was 
divided  into  22  lengths,  as  given  in  detail  in  Table  No.  21.  In  order  to 
compare  results,  enough  tangent  was  included  with  each  curve  to 
make  the  total  length  of  section  200  ft. ,  measured  on  the  axis  of  the  pipe, 
the  remainders  of  the  tangents  having  odd  lengths.  The  curves  were 
divided  into  two  jjarts  of  45°  each  ;  the  length  of  curved  pipe  was 
computed,  and  a  sufficient  length  of  tangent  added  to  make  100  ft.  on 
either  side  of  the  center  of  curvature. 

After  the  tangents  were  laid,  but  before  the  cur\-es  were  put  in,  the 
correct  computed  distance,  depending  upon  the  radius  of  curvature, 
was  carefully  measured  from  the  point  of  intersection  of  the  tangents, 
and  marked  on  the  inside  of  the  pipe.  At  each  jDoint  so  marked  a  ^-in. 
hole  was  di-illed  in  the  tojj  of  the  pipe  by  hand,  from  the  inside,  the 
drill  being  held  in  a  vertical  jjosition,  point  uj),  by  a  special  saddle, 
leveled  with  a  spirit  level.  In  this  manner  a  sharp  square  edge  on  the 
inner  surface  was  obtained. 

Each  hole  was  threaded  from  the  outside  and  a  ^-in.  Payne  tapping- 
machine  cock  inserted  and  screwed  down.  The  driller  remained  on  the 
inside  of  the  pipe  to  be  assured  that  the  cock  did  not  project,  and  also 
to  carefully  paint  the  exposed  surface  of  the  iron.  A  i-in.  lead  con- 
nection was  carried  from  the  cock  to  a  point  within  the  curb  and  jsro- 
vided  with  a  stop  and  Avaste  cock,  cast-iron  box  and  wrought-iron  stand 
pipe  for  hose  connection  ;  all  as  shown  in  Fig.  16. 

In  a  few  jjlaces  the  |-in.  lead  pipe  was  carried  into  a  gate-well,  or 
the  cock  came  within  a  well  and  required  no  lead  jjipe. 

In  addition  to  the  vertical  piezometers  at  the  ends  of  each  section. 
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taps  were  made  from  the  inside  on  the  horizontal  diameter  of  the  6,  10, 
15-ft.  and  small  compound  curves,  at  an  angle  of  55°  from  the  beginning 
of  the  curve,  measured  in  the  direction  of  flow.  These  cocks  were  level 
with  the  center  of  the  pipe  and  opposite  each  other. 

Experiments  of  1898. 

Conditions. — The  tirst  experiments  were  made  during  the  summer 
of  1898,  the  general  plan  of  operation  being  to  first  close  all  side  gates 
along  the  line,  thus  insuring  an  equal  flow  through  its  entire  length. 
Differential  Gauges  Xos.  6  and  7  were  then  observed  simultaneously 
on  different  sections  to  obtain  the  relative  resistances  in  each,  while 
the  velocities  were  varied  as  desired,  and  measured  by  Pitot  tubes 
either  on  the  center  or  by  traversing. 

A  majority  of  the  experiments  was  conducted  at  night,  in  order  to 
obtain,  as  nearly  as  possible,  uniform  temjierature  conditions  as  well 
as  the  greater  range  in  velocities  permissible  at  night,  when  domestic 
consumption  was  at  a  minimum. 

Preliminary  Series. — In  the  jireliminary  investigations,  which  are 
presented  in  Table  No.  22,  Experiments  1  to  43,  observations  were 
taken  with  practically  constant  flow  at  two  velocities,  the  lower  being 
that  obtained  when  only  the  Canfielcl  blow-off  was  oj^en,  and  the  higher 
that  with  both  the  Canfield  and  the  Hastings  blow-offs  open.  The  latter 
condition  produced  nearly  the  same  velocity  in  every  case,  but  the 
former  showed  some  variation  between  different  dates,  although  fairly 
uniform  for  several  hours  during  one  set  of  experiments.  The  tirst 
experiments  were  made  on  May  30th,  1898,  when  Gauge  No.  7  was 
connected  to  the  two  extremities  of  the  second  long  compound  curve 
section  and  Gauge  No.  6  to  those  of  the  60- ft.  radius  curve  section,  the 
Canfield  blow-off  being  open.  The  losses  in  both  curve  sections,  200 
ft.  long,  were  observed  for  a  considerable  period,  simultaneously,  with 
water  and  air  in  the  gauges,  the  loss  of  head  being  obtained  directly 
in  inches  of  water  (Experiments  1,  2  and  3),  after  which  the  air  in  both 
gauges  was  replaced  by  kerosene  and  the  observations  continued.  On 
moving  Gauge  No.  7  to  the  40ft.  radius  cxirvefor  comparison  with  the 
60-ft.  radius  curve,  it  developed  a  leak  and  had  to  be  discarded  for  the 
remainder  of  the  day,  and  Gauge  No.  6  was  then  moved  from  the  60-ft. 
radius  curve,  first  to  the  25-ft.  radius  and  then  to  the  small  compound 
curve,   the  flow  through  the  line  remaining  as  nearly  constant  as  the 


103 


EXPERIMENTS   ON   FLOW    OF    WATER   IN    PIPES. 


glg 

(».*.. 

fcccccccoccoscocoutototototsto 

-'O*a;-ioacn*>.coio>-'0!0ao-ioacn*. 

:  : 

I-  • 

5-1 

a 

r    , 

r  ^ 

W       f 

r    r 

,  ,  ,  ,  .  ,c 

*■    *" 

#-       w 

'    *" 

*     •■ 

'  '  '  '  ••  'P 

>i 

H 

-i  )~L 

^  *-^V 

-L   |_L 

_t  ,_L 

•| 

'O  te  ts  ts  to  _ts  to  JO  to  to  »o  10 10  to  yo  yo  jo  .>-'.•-'  ^ 

>> 

0 

B 

7    I 

'      ' 

j;  ; 

1 

::  r 

p 

S           < 

-) 

0 

0 

s      < 

'      ' 

' ' 

p  J 

$ 

p 

&■ 

¥ 

►  ■ 

s>- 

>             "O- 

S 

a: 

'      '■ 

'  ' 

•B 

's  ' 'g: 

p 

■J 

-  • 

c 

ji. 

JJ*.*.MO5COO5Nli0l-'i-i 

totoi-'oo: 

j»- 

i£ 

a> 

■-'Mto-itS: 

a> 

: 

1 

1 

1   1   1   1   1 

1  1  1  1  1  • 

I 

35; 

3Tie.*.ij^cococcioto 

-11-1 

totO'-'i-io' 

-L^ 

r'CniCO^^.OCOi-' 

31  to 

g 

« 

^      1 

HH                       ■ 

P 

=5- 

5) 

Jt 

g 

§ 

§    Sw: 

-►. 

S  • 

2-  ,r^  , 

'•t  '  ■"  ' 

'"S 

s 

^* 

■*     5? 

p 

to      s:  ^■ 

& 

. 

p 

^ 

a.    &.p: 

2 :  0 
1 . 

■t,      d 

'0  '  '  - 

'0 

p 

'c  'Sl; 

1 . 

-1 

t 

T 

3  3l; 

». 

< 

< 

o 

p 

& 

-^, 

-^' —    ^-.y^ 

^^ 

® 

*>.OOOOOtStOiOiOtO 

l-»  1-1  50  so  00 . 

i>j,. 

WO-JO 

igoaicoo- 

OC'OOOSO-    ■ 

>■  • 

> 

> 

(►               >3 

'  ' 

s: 

's 

'  '  'g 

r 

'   'S    '   '   'S 

Jim 

3i: 

t^za 

Oi  to  to  to 

„ 

to  to  to  t- I-' 0  0 

--  cc 

O' 

OCT 

,_i 

SJSSl&Sgg 

JitO 

-}-J 

to  00  en  1-' 

- 

3:  CT 

^; 

^1;^ 

cccstoto 

„ 

i->  to  to  ►- 1—  0  0 

to>c>. 

h-L< 

WO 

*.MJC«i-' 

g 

-Q; 

otoosc: 

_L. 

rn 

Ife       03 

*».      OD           '-' 

0       » 

"?    g       ? 

i-t.       0 

'•          P 

3: 

'O 

2  .=■ 

S  '«      S 

P  :: 

0-: 

n  ■ 

3 

•a 

' 

£,0      p. 
'g   1  '^S 

i  § 

•d 

'O 

c 

") 

< 

(S 

,_^ 

^: 

K-i-i 

^ 

—  ^ 

tc  c: 

o:- 

-j^ 

00  — to 

— ' 

—  —  -^  X  X  X  00 

CO  3- 

4^- 

WM 

ocn  a5t3 

^ 

"^  *"  ~  cc  i  0  CO  CT^ 

ssgg 

C  X 

O; 

00 

^ 

OS 

^ 

3 

to 

i 

1 

g 

i          : 

03 

^ 

to 

CJt 

0 

l(x 

0 

^ 

;; — 

=D 

to 

1- 

,_ 

^ 

1    ■                     , 

s 

^ 

B 

g 

EXPERIMENTS   OK   FLOW   OF   WA.TER   IN   PIPES. 


103 


5S"-'ScD!X-^050'i«kCcia>-'0»oo-j05CjiJ 


00  00  »  oo  00 -J -J 


No.  of  experiment. 


O 


ObS"? 


i-t^  to  O  OtO  4^  4:^  t^  •Ck.  CS  00  CO  cc  pc  ts  ^ 

io  CO  00  *»-^  *^  be  **■'  CO  Vo  br  "*-  CO  to  '^  o  to 
occto*oaoo;osc:x-^J-^?->JCiGc3c;;* 


I  I  I  r  (  I 


I  I  I  I  1  I  I  I  I 


h_i  to  ►-*  p  p  en  *»■  >*^  rf*-  ^-t*-  CO  Co  CO  CO  to  ^ 

bi  bi  O  CO  '— ■  O  or  'rf*.  CO  O  br  '*».  CO  to  '■fa'  br 
h-t.M-.CC'---tOc5cnwTCnCrT-^C5C5CnUTO 


^'^ 


3  ,  J 


occo 
*e«ce 
en  OS 


too 
"*.o 


cecoiok-'i-'>-'i-'03WJccec«C3C: 
c«  o  00  ce  OT  en  'a:  en  a  '*.  'ic^.  en  w  oc 

WO 


.  to  ji.  en  *..  o  *?  *j 

>*.-*0>-'  O5  00C0 


w 

It" 
H 

!z! 

o 


00 

00 

as 


lOlOi-' 

Siocn 
Ml-' 

I      I      I 

CO  »  ibS 

'q*.»o 
-5oo>-' 


ooooc 
b»'o'-j 


5ocn 


§1 

O  T 

.■?§, 

2 1* 


.  ;S2 

•    :    (t 

3 

cncn- 

be  35 


,•0  ; 


coco;;' 
VoVo' 


'-     I 


Temp.  Fahr. 


*t     Obs.  F 


M    True  y 


Feet  per  ■ 

m     second.  F    3 

CO  i<H 

Feet   per  :^  ?  § 

m     second. 


-p    True 


Inches. 


%  CO 


104 


EXPERIMENTS   ON   FLOW   OF   WATER    IN    PIPES. 


h-»  ►— o  O  OO  OOO  O  O  O  CD  O  cDtO  iC  ^i^  ^  iC  ^  cc  oc       ac  GC  go 


ST       "^  O 

&     o         P 


fP  o 


^."^^^ 


Il-'fO-'.  io-'i.  o;  :SOOOOOS05 

"TTT:  I  I  :  i  T  i  i  i  i   i  i 

spspsc^;  5^5^*  ui p^ h1^ •*»■  "t^ **- 4^ w 

J 't;  o  in ;  '*.  'w  k>  o  bi  w  to  i-^  o  b« 


c^  ^^  .  v^<  —  w»  !♦;  ^         *"  WW  r;  b— 

'  r  I    :  '  '  "  '    L.  ^  '     ,L  '"  ^  g 

jc  so !  ts  ^  ^  iO  JO  F  l-i  J—  "^  ■ 

Sf^  ■»  •  o  to  >-'£"*•-;      gi  'ife.  CO 

cow  i-iffl>-i05K)       GCOlU) 


C;t05  CDtSl-     tcco 

t^  ^  tr^  C5  •     ^j  b' 


OSOOCOOSOOi-'*^35 


ts*^3r:coo5oa50» 


ooioo-    *kto-    -}  o -J -J  CO  a.  OS  00 


lobi-    iocn-sacQt      fcS^ 
OMi.-    cxx-i-icoo     coo 


—  *  H  5 


-^05a:cocn<!OH^c:^0-Qcrt--30s»e'' 
I  I  I  I  T  I  I  I  I  I  I  I  I  I  I  I 
C3C2Cic;Tpic;TOTarc;iui>^>(i>.>^4^4^co 
io  i-'  o  bi  bi  '.(^  CO  Vo  id  o  bi  co  is  '►-'  o  'a 
oc;^coUTOcnc;Toooc;iooIS»*^coi^ 


KJlOCOCONli-'"-'!-'".  — l-'i-' 


COOS^K>COC;?O»-^t«CI»00tD 

*3'-^4-OC^i-i.i-CC*^i^OCJ( 
CC-iWO->rf-CC:£W0D0DI^ 


JO  JO  I"'  —'  JO  JO  JO 

^  o  'lU '— '  bi  V  o 
v»  ot  IE  to  CD  IS  o 


ri-.-"       H 


00  JO  CO  o --»  05  en   tocnJ 


JO^-'iO'-'Oi-'O        "OO 

►""•^jH-^io'cDX  30        bTit^CO 

ODCTMXif^mO         CT  — fc 


CO  O" 

►i  2;  H  ►^ 
31  O  2!  O 

S  a  "^  H 
»  2  "=  • 

S!  '^  ^   -,- 

c2S- 
s  Z  o  o 
^  B  aa  Z 


O  O  O  >-' 1-' •-' I-' ■-' • 


co*..c;?oo-^cnc;»ociTCCior50D:o 


OSN)»0i-'O5-J0JJO>- 


SCD        tp         OOCOffl 


OOOH->-'i-'iOlO-JO 

■-  CS  00 
3COO 
}00 


cnoaoocR<!C 

-J-l*.tOOC 

OltOO-^COl 


too 
O  O  •-'■-'•-''"' o^ 
cn*.occb»X  C 

--OCO  CO  O        3 

"  o  -^  CO  cc  .•-'  B 

o-.B 


o 


ggos; 


2  H 


S  ^«J  t-  !Z   W 
B  JOB  H  O  K 

?,«  b'  GO 25 

!z!h  z  ►^  c 


OSOiOJin 

cnoi. 

0  05  05CH 

Si§: 

i.ix: 

►-*oicncn 

feg; 

i-iioiocn 

OiOo' 

OltSOOO 

UIO- 

•  4>->(^ 


en  tc 

men 
too 

oo' 

into 

4^00 


brio  3  5:»=f  V 

0<!    CS   ^  -^ 

£-2  _o 

toco  VJ     i"      o 


EXPERIMENTS   ON   FLOW    OF   WATER   IN    PIPES. 


105 


2 

s 

s 

X 

2 

3 

S 

:! 

g 

-1 

2 

a 

a 

2 

-1 

^ 

x_^ 

g 

f 

P9 

O  » 

£ 

? 

§ 

1 

Q 

,©•'5=                         bo: 

2                          ^V  ^         i-     aooi     c«o,: 

11' 

g 

Q 

(X5 


CKJ 


o 


C  -;r 


Oi-'>-'C0*.. 


OX-^  : 

—  ii  —  = 


"  i  2  -'  ir  ^  v  —  j; 


OOOO""  — ■-' —  —      occoooooc 
;-»  oe  4^  x  o  — '-'  M  OS  o      x  oc  c;  -j  iT  '*.  —  «»« 

SoctSoSoooo     CO  — oSlicxc 


106 


EXPERIMENTS   ON"    FLOW    OF   WATER   IN    PIPES. 


*.  cc  to  ►- o  ;s  3d      -JOJmi-ceia— t  ;ox-j      osain^ 


'KiccCo*-c: » 


O 


■a    ::inffl      »*.$ 


o 

n 

r  r^ 

c* 

'CR-J 

^^^3 

g 


C      S  a  " 

"^        2  H  2 


Ol  .-(^  ilX  CO  CO  iO  ts  ts  ,>-^  iO  ts       1-^  p  p 

Cci^CT-'Mit.clOO-JO'r'  oow" 
I     I     I     I     1     I     I     I     I     I     I    g   I     I     I    s 

tjr  Ifi  *..  00  CS  to  to  to  >-'  to  to  ■     tO  —  p  ' 

\rt  S  '*:  !&  Tt  2!  '?2  "■-'  "^  '^  '■&■      's  '■-?  *? 


OOOCSCTCO-i 

I  I  I  I  I  I  I 
p  c;  p  p:  c:  c;i  pi 
en *^ c«  t- o '*. to  _  .    .        _   .- 

05-QXMWO-J        OOCOtOOOlOIOOii^QCO 


i-'Ce*-3i0TO5a:O  , 

i^  C:  (-i  O  Vc  3C  '—i  £  '. 

owoooooij:  , 


:C  W  iT  «       to  to  i-i 

CT  X  c;  30       CO  to  ^ 

oooai      oc  — 


Jo  O 


•0  M 


i-i  oc  *.  CT  C:  C5  00 


to  en  p-i  o  o  X  >-' 

OM'-'OtOO  to 


tDc04^-     ■-'tt> 


otoof    qcto 

OI  cc  o  •     *.  ^ 


cnoo     101-11-' 


CD 

c 

RiVA 
DRI 
DIU 

Ft. 

00 

ID  "a  !0 

fB 

H  O 

Bf 

c  9o 

■"t^ 

?^t> 

w 

-^        H 

? 

OOOi-i^  — .— 


to  *3  tc  1-1  OS  en  -I 

>*»  o:  ►^  to  (-i  CT -^ 
o-J-jen:ooOT 


»        >— 0CO5 


£0  (e 


CO     » 
at)     »» 


in 

to  CO  OS  cs  to  to  to 

02  C2  0£  -Q  03  ^  rf^ 


to  CO  CO  to  to  to  >->■ 
'm  to  «  bo  '*.  '*.  '-J : 

cjxto®  »sscD• 
o:  to  03  O -5  cc  to  ■ 


.-'   PPP  s »  S* 

i-i        C5  W  30    O  "^    • 


—  &  H  G 

*  ■  3 


EXPERIMENTS   ON   FLOW    OF    WATER   IN    PIPES. 


107 


-ja!CTifa.05tB>->otooo-}05mKcci4>-'o-^oo-jc:c;iifc.     cc»»-o» 


C 


u  ? 

©  p 


o 


.'S.'S.'^ 


B-Q 


^s- 


O 
r  W 


o 

'  ■■ 

P  %  '. 

CO 

'g 

'5to 

;CT 

.*- 

^3 

^3^3 

.^ 

9 

5"  a 


-J  p  OS  _05  Cn  Ot  OI  J^  _it^  _*^  _*.  W  W  CO  CO  CO  to  tS  »0  K)  >—  ►■*  J-"  JO       _>—  ^  *-"  O  O 

Sui  to  o  I**-  to  p  cn  it*.  ^  c  cn  4^  CO  io  ►-*  cji  lii.  io  o  cji  CO  o  to .  bi  it*  ►-^  iu  o  ^ 
iooocn**o-.  cooiooo-}tDoooi-'Cno5>-'<xooo*-*'>*5tooi-'»" 
I   I   I   I   1   I   I   I   I   I   I    I   I   I  '■   I    I   1   I   I   I   I   I  g  I    I   I  2^'^g 

asp:psc:c;icj<c;i_»t*.NU>t*>f*.cococococototototoi-^>-*to*  to^»-'i-^o' 
bi  j^  i^  o  4*  g  o  bi  CO  ^  o  en  CO  'w  *^  ^  en  ((^  **^  o  55  JO  (ft;      ^  ¥<  co  c 


30cocoxtoou»c;ia;cnaDOocop-*totoci»ODio 


^i 


\s^ 


cogo 

OH  "1 


cnosxi-'-    toioosoooo 
'►-"'qptoos-    b:  a5'**oi;oio 

QDlEtOtO-      Si  *-!(»■  5l  00  Q 


QOCOQC-JO'.  *.tOtOOX05  ifeCOtO  •-' 

io  CO  c:  en  be  -x,  c--  b>  s:  jn  i»  x  to  co  '■  '*- 

to  to  ^  CO  O  C-.  C;  3:  CC  X  Q  to  C5  ■-•  ■  " 

iti*»xa;ocnoioo-.  0!io  M-jo-  to 


tot" 


,H- 


W 
M 

o 


SS.H 


**OI-J:00  —  X»«cnC5 


toxcc>t».c:x^C'-Jcn'  "Cncoo---ji-'o:-J3-.  -3  4^^ 
co-^coos-^tor-Jooi-i-  cioxto-^ototoiotvOC 
cnoii«».io-jcni5toc5X-    xcox  —  xotococn~ioc 


-looo-^^cn      it^iotO""- 

toxoib-co 
en  -]  -J  -iio 

cncittsxco 


O_i-'>-'l0l0l0lC!C0C0it.*».**C0C0C0C0C0l0i-'t0l0-^i-'  ooopo 

to  1—  b"  o  to  to  o  to  -  J  o  o  i-i  C5  X  b:  it-  to  Vi  -i  en  "  en  to  o  c:  -i  --J  co 

iS»;o'-'CO"-^xco*-cr.  ►-enotc-}eno:-^oioo:co  xco-i"** 

oito-^-joix-itx-'Sscooco-icoooicooK-jcn  XMo:-»>-' 

to  en      to   "         **  o   —  o  c;  i-i  -J  I—  . 


tocoi 

4*-  en 
oo 

^.iC^COCOCOtOtO-' 

h-i  h-i  -X)  Q  c:t  5*  o  '^io 


??S 


108 


EXPERIMENTS   ON"    FLOW   OF    WATER   IN    PIPES. 


oQ 

,"0  o 

'(t  CO 


1^^3 


r  p£ 


2      o 

o 

o   ,  ,>d   ,,,,,,  , 

,•« 

2           D 

P„       ►-            to           JC- 

t3 

'  JO  »0  .*-'.•-'  P  J3 

I I    I    I    I  1"  I    I    I    I    I    I    I    I   ^  g  I   _i^  I   g  * 

Oi  p  Ol  O?  CJT  .Cfc  *».  ttt.  »ti.  *fc  CC  CC  CO  CO  to  to  to  "-^  _^  10  "  to  '-'  >^ "  ^ 

to  -^^  b;  to  j-f  bt  M  ^  i^  o  ui  to  ^  o  (^  w  o  to  UT  ^  to  co  o  ^ 


Oife-OC 


'i-'cDoi-'coooaij 


loocncnoo      toooo 


1-1 1-1  w  to  to  to  to  to  to  to  ►-•  to  " —V 

COtOC200tO'-^^0'-i:CO*3 *^tt>.  t^to^ 

•-^cD"<irfi.GCk-io5to^05tooo cnifc.  coiuos 

o     o  rf^  o  iK  to  ot --J  ^-         CO So  cS 


o 

a  "^  E 
»  B  z 


otO  o 

•^  "0  a: 
00 

a  o 


fc-t  i-A  i-i  t— .      CO  to  to  "-^ 
tOtOCJ'CD-      ^000 


2? 


Ci -^  UT  or  CJT  to  to -^ -^  rf^       i^lOt-* 


to -J -3  o:  CO  o -J  c:  CO  to      cotni*». 

-Q  ^  1*^  O  O  l-i  OD  to  CO  05        i-'QtO 

'-'Cno:o*'0;tBO^-«D      i-'Mca 


2  H  £- 

c3  H  as 

H  pS) 

to'^o 
o>^  -0 
O       H 


:  :  to.'  :  : 

:  :  0    :  •  • 

:  :  i:  :  : 

■  :  2S    :  :  : 

-Ito-    c:-    uo 


CO  to  to 

ij^  QD  cn 
o^  It^  ut 


,^i 


tOtO-      CO-      cc 

OS  to' 


ro  *-    to 


S  » 


tOtOCOrf^  J^  »ft.4^*k*k,^4i.^COCOCOtOtO'-**-*o 

ff  as  95  Ift  S"  9P  2  '^  2  -^  to  '*■  -  J  -^  cn  --I  to  '■-}  'cs  to 

S;PSS'^S2'r''3'=oc:iOQogDOito-j--cotoJiro 


coco.*^      ►-c;toc 


»E1 


=  o  >  §  ?  3 


EXPERIMENTS   ON    FLOW    OF   WATER   IN    PIPES. 


100 


3c  is  S  SS  iC  S  S  «-  o  »  *  -J  o:  _oi  JU  CO  _»4  "-  p  JO  _0C  _»l  OS 

c 


,o 


iua>-^<>^  rO(xi&  ;-)tsao 

^^!S!^^^  '.^.^^^  'r^is.^ 


2* 


o 


cc:ooDi-^*J'^ODcn 


g 


3' a 


©p 


o 


W3 


I  I  I 

i->  b  w 


a>  p  OS  p:  o<  en  en  j(^  >| 
OS  CO  I-i  b  en  Ito.  b  lu  c 
os0  3o»i0i0tn> 


po: 
en  S 


__cnoo 

Ci  en  en  4^  ^  1^ 
b  en  Vo  In  '*»  co 

enoooooco 


lU  i&  CO  CO  eo  CO  ts  ts  ts  to 

'.-L  b  en  CO  to  b  en  eo  co  ic  ^ 
—  coto-j^-Jentooo. 

,k  *.  is  CO  CO  CO  CO  JO  to  to  ■ 
>-t  b  en  *4i-  CO  I-*  b  **  eo  to 
;o:ctoco>^eoco:c:>«^en 


2C   r^P,,> 


to*- -J 


l-itJ.&  —  o 


-3  c:  en  •    to  eo  ^  ct  -j  —  to  c 


.eo"-oxo5 


S  iu  to  •     —  ~.  4^  = 


:=  c;  -!  ~  ->  to  to  -1  en  ^^ 

o  -3  ~  ->  c:  !C  en  ■*-.  i»  CO 
•^xeo:^e3fC5cD^— oto 


R  ( 


o  "  2 
"3  J, 

H  50  a 
p     ts 

O 
STeo 


^3 


oo'-^'-^to^'^'-'OOoo^-'-'^totoeotototo  —  — 

en  00*^  a '— •  en '*-. b  x  ■&■  "en  -j  o  en  x  =:  en  c  en  ■-  o  jO  *- 

SScncnoxinxox:n  =  eox-j;ottocn^XjO'— 
io3DCOoenxtOincoO'&-Jtoc;eoc;**o4*x^4* 


«?9 


CO  cc>-  Oh 

?  r.  -•        5C  ^  t"  H 


> 

©W 


110 


EXPERIMENTS   ON    FLOW    OF   WATER   IN    PIPES. 


o 

7    '.    P 

Open 

^sg 

J2S 

^lOOOl 

.^^9 

'.•SIS 

'    '|S^5^5 

'  '   -m        5-> 


Ms. 


lOCHWOI-J 


pt  en  pi  UT  CI  rf^  f^  ^  4^  CO  cc  ce  to  to  ^  >-L  ^ 

bi  i^  eo  Vo  '►-*  bi  °i^  cc '—'  en  cc  '>-'  cr;  ^  '>u.  co  ^^  90 

pi  Cn  wT  UT  wT  4-  0-  J^  iC  «X  yC  CCl^  tC  |-^  •  ^ 

cji  it.,  to '— ' '-'  *wT  -u  ic  'v '«-  iw  —^  br '-'  'rf*' 


o    w 


^    H 


I-*  10 10  to  I-' 1-1 1- 
C7I  Ul  '-1  t-i  00  ui  tn 

w  wio '*.'-' en  b: 


'Gc  en  en  en  en 


-1  K>  O  -^  O  3C 

c:  *>-cx  —  o: 


Ni^o:  c;*- to 


en  to  -I  o  o  .*• 
oiooc:  02  »-  — 
o  :c  to  ■—  *-  -^ 

-J         -305 


^  :^  Ci  tC^  <t^  V^  VUji        h 


05W 

Kb 


i-'OStOtOtO>-"-'i-'i-'COOO 


t£>ccioeoc:cr:-j  —  OJccotocn 
c«i<^-^otO"en-^-3o:cnQto 


3 


9^ 


loji.eocccctotototoi-'coooo 

*b-  fc-'  CO  OS  Jo  -J  ^  OS  >—  to  ->  be  00  go  bo 

_:  : :  -.3  5c  *.  CO  Q  -J  oc  5c  5C  c:  iti.  3o  -3 
oto-j>  - 


s » s 


|s 


mCTC;icncnc;imciiCTg;j^s*^4^>6^ 


SS: 


en  en  •(^  !^  >J 


,^-1     i-i     en 


O 

,"0  - 


to  to 

,000  , 


i-c;  — --jiooiJ^aextotoocoenioxoscn 

1"  1  I  I  I  1  I  I  I  "~T  I  1 1"  I 'T  I 

en  en  en  en  en  en  en  1^  >^  >P>-  4^^  (^  hp-  >£^  •^  eo  CO 

'*.  CO  to  to  >-'  Q  o  "en  '■*»  ">(^  co  lo  io  o  c 
)-^occ- — 


to  C-.  :c  C".  o  • 


;co-io  toento-i  t 


:ioo» 


i-'l-ilOCOCCCn-J~5«;D^^i-'^tOit».p*-X_-* 

boc2oJ*.co''-****-itoenooco*i.^cn-:^3D 
cnoccQooo**toocxenQwCcoo 

OOCCOOOOOi-JOCOOOOMtSC 


^~.^.  -1  I-' — -^ -^  1-1  wi  to  to  to  CO  to 

cocncncnxtoiocncsxas^ooenjiocD 

►—  CT  'wt  ic  >i*  to  o  ^  Q  jf;  o  to  00  ^-  -Q  en  ^ 

>!uto  toco 


80QM¥-^  =  xc:oPo:o; 
ooxotooto^^oooc 


00000  ^0"-'->>-'>-"-'i-»tOtOlO»0 


i-'cocccpc:oototocncttcn -■>■-' JO  0:; 
xto-jEcncoxci-jtotoxcnJ^ooc 
to;n:co*'Otooxcnototo-j*»-;i;c 


000000 

M  to  CO  en  *-  -J  o  o  CO 


'to  to  to  to 
)Vo^-* 


x-iotooxeni>en*'.xoengo-jo 
—      csi—      ooxeni-'^ 


EXPERIMENTS   ON    FLOW    OF    WATER   IN    PIPES. 


Ill 


lilSlii^iiiiisiii  ^S^si^siiir.iirig 


't  CO 


.  -J  10    ,  X 


KB 


c 


'2   ' 


,    ,    ,5     ;    , 


W2. 


>->  °c<  U>  cc  o  b>  ce  ic '—  s  -,-» .u  ic  ii  — >  o  o      bi "—  .u  ix  ii  — '—  o  2  v  J-  '■u  x '—  cs  — 
<»  o  X  *-  o  o  cn  —  -^  -1  n  o  —  o  u  X  —  >.  -}  -^  iT  X  :.-t  -J  —  1.T  X  v  -}  ic  o  ;=  ic  —  ^ 

I  I  I  1  "r  I  I  I  I  I  I  j_  _i_  _i^  i^X  L  2  'il  L — ^  lH — — "Z  lT'lTTH  '  L 

CO  CO  JO  JO  JO  _•-•  —  _-' ,—  —  I—  S  JO  JO  JO  JO  JO  •  .-' .—  _—  p  _—  _—  —  J—  _—  p  p  p  p  p  p  p  r 

*  5  •-*  c;»  *.t*.  Vo  br  '•fc'  o;  io  *— '—  ot  o:  cc  —  *—  c   V'  bi '« '**  cc  io  -^  o  o  "ot  c-t  ^  'i-  cc  ^  cc 

'--    --:Oi;5io*»;cnr".  o-^jotsccx      :stoxJOc:cc-!;s— .Xi--J»:os-» 


SlO-JCiS 


tO»0»OlO»OtO»OlO»0»0»  ►-i—— —  1-1  ___. 

oi3sc:cSc;i*.^^0000  xcsc;*-—  jctccspc:-^ 

i.  x  —  cr.  to  ce  -J  -^  Jo  -1 2  io  x  *■  cc  s;  -;  cc  =:  c.  i;  jo 

SCT  =  X  —  OSCCwOP  0*--"CCXpCC»0  3SSX 


iocoo34^cecot9t9tststeto>^ 


>!D*.xi->xo>*.coo5to»xxqp«      !S?'*-iS  S:dr'^S5°!5Sls=SsT; 

5  —  «^*..EoaiOO"-C".  OCSif^WN)        OOIX-10CC040"^OOJ-lXlJi-' 


ooooooco- 

*J^  CTC»b»Co'*k  cc  cc**- 

—  —  '   cc  >:-  OP  o  *J  ;5  c-T  • 


to  cc  ^ .(.  CI  cc  to  <o  to  t;  to  to 

"-" '  '  p  "*»  '*.  to  x 

!  M  -J  S  —  S 


^ lOXCli.ifc.CCtO-     • 


to     —  —  -.  —  —  oo  —  =o  =  o  =  oop 


112  EXPERIMENTS   ON   FLOW    OF   WATER   IN    PIPES. 

changes  in  the  consumption  of  the  city  would  permit.  It  was  intended  to 
observe  these  variations  of  velocity  by  the  Pitot  tube,  but  the  point 
selected  for  observing  with  this  instrument  proved  to  be  one  where  the 
velocities  were  highly  distorted,  and  hence  it  was  not  considered  safe  to 
rely  upon  their  indications.  These  experiments,  Nos.  1  to  15,  showed 
that  the  resistance  in  200  ft.  of  pipe  decreased  as  the  radius  of  the  curve 
at  its  center  decreased,  although  the  amount  of  decrease  was  somewhat 
indefinite,  by  reason  of  the  small  variation  of  flow  from  changes  of 
consumption.  Further  observations  were  made  on  the  night  of  June 
7th  and  8th,  when  the  40-ft.,  15-ft.  and  10-ft.  radius  curve  sections  and 
the  Brady  tangent  were  experimented  upon  at  two  velocities,  and  the 
velocities  were  measured  by  traverses  wiffli  Tube  No.  3  at  Hastings 
Street  and  Alexandrine  Avenue.  On  the  night  of  June  llth  and  12th 
the  Brady  tangent  and  all  the  curve  sections,  except  the  first  long 
compound  were  observed,  and  all  but  the  6-ft.  radius  curve  at  two 
velocities.  Pitot  tube  measurements  of  velocity  were  made  as  on  the 
previous  night.  In  the  experiments  of  these  two  nights  the  gauges 
were  set  up  on  adjacent  sections  to  be  investigated,  and  were  moved 
alternately  past  each  other  to  the  end  of  the  line,  the  velocity  remain- 
ing unchanged.  On  the  last  pair  of  curves,  after  the  lower  velocity 
had  been  observed,  the  Hastings  blow-o£f  was  opened,  and  the  sections 
similarly  observed  for  the  increased  velocity.  In  this  manner  each 
curve  section  was  compared  by  simultaneous  observations  with  those 
next  preceding  and  following  it.  While  the  reductions  of  these 
experiments  give  evidence  of  some  eiToneous  observations,  mainly  due 
to  the  pi-esenee  of  air  in  the  connecting  hose,  the  series,  as  a  whole, 
shows  conclusively  that  for  the  two  velocities  in  question,  the  least 
resistance  is  in  the  short-radius  curves  and  the  greatest  in  the  longest 
radius  curves. 

The  Second  Series. — These  results,  however,  were  so  contrary  to  ac- 
cepted theory  and  practice  that  a  more  comprehensive  and  more  accur- 
ate series  of  exiJeriments  was  conducted  covering  several  different 
velocities  which  were  measured  by  means  of  the  Pitot  tubes,  the  data 
of  which  comprise  the  second  portion  of  Table  No.  22,  numbered  from 
44  to  253,  inclusive. 

The  readings  observed  were  plotted  with  the  times  as  abscissas  and 
the  gauge  readings  as  ordinates;  from  this  graphical  log,  periods  of 
varying  lengths  were  selected  during  which  the  velocities  remained 
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apijarently  constant,  and  then  the  readings  were  averaged  for  each 
period.  Plate  VI  is  a  fair  sample  of  one  of  the  logs  thus  obtained, 
and  Table  No.  22  gives  all  averages  obtained,  with  the  date,  tempera- 
ture (where  observed)  and  the  condition  of  blow-oflf  gate. 

Eednctimis:  Value  of  n. — The  most  simple  form  of  expressing 
mathematically  the  relation  between  the  loss  of  head,  //,,  and  the 
velocity,  V,  whether  in  a  pipe  or  open  channel,  is  ^  =  m  V"  +  h,  which 
is  an  equation  applicable  to  any  plane  locus.  If  the  locus  passes 
through  the  origin  of  co-ordinates,  /.  e  ,  if  for  V  =  0,  //,.  —  (), 
the  •  term  represented  by  b  disapjjears,  and  the  equation  becomes 
Hj^  =  m  V",  in  which,  if  m  and  n  be  determined,  there  is  afibrded  all  the 
information  necessary  to  compute  the  discharge  or  loss  of  head  in  the 
pipes,  or  the  coefficients  in  the  Chezy,  Kutter  or  any  other  flow 
formula.  The  writers  have,  therefore,  adopted  this  simple  exiDression 
as  the  fundamental  form  for  use  in  their  reductions.  ]f  all  errors  are 
eliminated  from  the  work,  it  is  assumed  that  Hj-  =  in  V",  or,  for 
logarithmic  jslotting  by  the  ordinary  method,  log.  //^  =  m  log.  I'-f 
log.  m. 

To  determine  the  value  of  n,  the  series  taken  on  the  night  of 
August  20th  and  21st,  1898,  comparing  //^on  Section  XIII,  15-ft.  radius 
curve,  with  Tube  No.  5,  on  the  center  at  Hastings  and  Alexandrine, 
has  been  selected  as  the  one  least  likely  to  contain  errors  of  any  kind. 


TABLE  No.  23.— August  20th  and  21st,  1898. 


74°  Fahr. 

Gauge  No.  6, 

15-Ft. 

radius. 

Kerosene. 

Log. 
Column  1. 

Tube  No.  5. 
On  center  Hast- 
ings and  Alexan- 
drine;  blow-off 
operated  at 
Canfield. 

v/  Column  3. 

Mean  Vel. 
Column  4. 

X  1.462* 

Log. 
Column  5. 

(1) 

(2) 

(3) 

(*) 

(•"') 

(6) 

2.310 

0.364 

0.60350 

0.777 

l.l:«974 

0.055 

3.267 

0.514 

0.83214 

0.912 

l.:«3344 

0.125 

4.823 

0.683 

1.258(X) 

1.121 

1.638902 

0.215 

6.402 

0.806 

1 .72800 

1.311 

1.916G82 

0.283 

8.586 

0.934 

2.340.50 

1.529 

2.2:i5398 

0.349 

10.636 

1.027 

2.76440 

1.(562 

2.42it844 

0..S86 

12.562 

1.099 

3..S4500 

1.829 

2.673998 

0.427 

12.600 

1.100 

3.38000 

l.a39 

2.688618 

0.4.SO 

14.865 

1.172 

3.96900 

1.990 

2.'.t09380 

0.464 

16.800 

1.225 

4.44160 

2.107 

3.080434 

0.4«) 

17..539 

1.244 

4.65160 

2.156 

3.1.52072 

0.499 

19.394 

1.288 

5.24700 

2.2W) 

3.:i47r80 

0..525 

18.224 

1.260 

4.87.500 

2.208 

3.228«)6 

0.509 

*From  rating  of  Tube  No.  5  (0.75)  and  the  ratio  of  Vc  to  Vm  (0.84),  the  multiplier  to 
reduce  the  square  root  of  reading  on  center  observed  with  Tube  No.  5,  to  true  mean 

velocity  is  1.462. 
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The  observations  and  necessary  reductions  are  given  in  Table  No. 
23,  and  the  plotted  results  in  Fig.  27,  from  which  the  value  of  n  is 
found  to  be  1.98. 

The  value  of  a  is  so  nearly  2  that  it  may  be  said,  without  material 
error,  that  Hj  a  F",  but  V'  =  1gh\  therefore,  for  purposes  of  com- 
parison, it  may  be  safely  assumed  that  -ff„  oiH^.  The  values  of  H^,  and 
Hj  (Table  No.  23)  are  plotted  in  Fig.  28  and,  as  near  as  the  eye  can 
judge,  the  locus  is  a  straight  line. 

Reductions:  The  Straight-Line  Method. — If  a  series  of  points  plotted 
in  this  manner  falls  in  a  straight  line  which  passes  through  the  origin, 
n  will  equal  2.  If  the  straight  line  of  points  does  not  pass  through 
the  origin,  its  equation  becomes  y  =  a  .v  ±  b,  and  when  plotted 
logarithmically  a  curve  will  result.  For  small  values  of  ±  &  the 
curvature  is  so  slight  as  to  be  not  easily  detected,  and  is  usually  over- 
looked, although  it  may  be  sufficient  to  cause  a  considerable  variation 
in  the  second  decimal  place  of  the  value  of  n. 

In  the  1898  experiments  the  flow  of  water  through  the  pipe  line 
was  never  completely  stopped.  Therefore,  no  observations  were 
made  to  determine  the  initial  error  (±  b)  which  is  generally  present  in 
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diflferential  gauge  readings  under  a  condition  of  no  flow,  as  shown  in 
later  work.  Such  an  error  may  have  existed  in  the  series  selected, 
and,  if  such  was  the  case,  the  average  line  should  be  moved  parallel 
to  itself  until  it  passes  through  the  origin,  and  the  value  of  v  would 
then  be  2  instead  of  1.98  as  found.  It  is  thus  seen  that  the  value  1.98 
is  a  limiting  rather  than  an  actual  value,  and  that  the  trtie  value 
probably  approaches  2. 

The  straight-line  method  of  reduction  has  the  great  advantage  of 
eliminating  all  initial  errors  which  may  exist,  for,  if  //,,  a  //^  the 
average  line,  representing  observed  points,  should  jiass  through  the 
origin,  and  if  it  fails  to  do  so  its  distance  from  the  origin  represents 
the  initial  error,  which,  however,  does  not  aflect  the  slojje  of  the  line. 

It  will  be  shown,  later,  that  initial  errors  do  exist  and  must  be 
eliminated  in  order  to  reach  correct  conclusions.  For  these  reasons, 
and  because  of  the  ease  of  its  application  to  Pitot  tube  readings,  which 
are  observed  in  velocity  head  (Hf-),  the  straight-line  method  has  been 
adopted  in  reducing  all  30-in.  data.  The  average  straight  line  is 
computed  by  first  obtaining  the  average  or  center  of  gravity  of  all 
accepted  points,  thus  dividing  the  series  of  points  into  two  parts,  an 
upi^er  and  a  lower.  The  center  of  gravity  of  each  jjortion  is  then 
found,  and  the  three  j^oints  thus  computed  will  fall  in  a  straight  line 
if  no  errors  have  been  made  in  computations.  From  the  co-ordinates 
of  these  points  the  equation  of  the  average  bne  is  computed.  This 
method  of  averaging  has  been  used  by  the  writers  in  a  large  number  of 
experiments,  and  is  much  more  satisfactory  than  the  method  of 
averaging  by  eye  with  the  aid  of  a  tine  thread.  It  involves  much  less 
labor  than  the  method  of  least  squares,  and,  with  the  exception  that 
it  does  not  give  the  probable  error,  is  fully  as  satisfactory  for  straight- 
line  loci.* 

Reduclions :  Dinf/rams. — The   observations   given  in    Table  No.    22 

have  not  all  been  used  in  the  reductions  here  given,  but  are  piiblishod 

as  taken  in  the  course  of  the  experiments.     Figs.  27  to  44  inclusive, 

show  the  series  which  have  been  selected  by  the  writers,  from  their 

familiarity  with  all  the  conditions,  as  least  likely  to  contain  error,  and 

as  adapted  to  show  without  exaggeration  the  phenomena  investigated. 

The  diagrams  are  generally  self-explanatory,  and  illustrate  at  a  glance 

the  accuracy  of  the  observations  plotted. 

♦This  method  of  reduction  is  further  discussed  in  t>he  paper  "A  Study  in 
Hydraulics,"  by  one  of  the  writers,  in  The  Jonnial  oj  the  Asgnciation  of  Engineeniiy 
Societies,  March.  1901. 
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Without  entering  into  a  detailed  description  of  each  diagram,  the 
equations  obtained  from  them  are  summarized  in  Table  No.  24, 
Columns  1,  2  and  3. 

Reductions :  Rehitive  Equations. — In  order  to  reduce  all  results  to 
the  same  basis  for  comparison,  the  equations  obtained  from  the 
diagrams  are  combined  to  obtain  the  ratio  of  H^.  in  each  experimental 
section,  to  Hf  simultaneously  observed  in  the  Brady  Street  tangent. 
The  results  are  shown  in  Columns  4  to  9  inclusive.  Column  8  gives  the 
multii^lier  to  reduce  Hf  in  the  Brady  Street  tangent  to  H,  in  the 
corresponding  section  of  pipe  as  observed  without  con-ection  for 
length.  Column  9  shows  the  results  corrected  to  a  uniform  length  of 
200  ft.  There  is  no  apj^arent  inherent  cause  for  the  increase  in 
frictional  resistance  in  the  Hale,  Rowena,  and  Brady  Street  tangents, 
respectively,  for  these  three  tangents  contain  no  special  castings  ;  the 
average  diameters  are  so  nearly  alike  that  the  variation  may  be  neg- 
lected; and  they  are  located  relatively  the  same  with  respect  to  curves. 

The  presence  of  specials  in  the  North  Rivard  Street  tangent  evidently 
causes  a  considerable  increase  in  the  frictional  resistance,  and  the 
East  Alexandrine  Street  tangent  corresi^onds  very  closely  to  the 
Brady  Street  tangent.  The  results  again  persistently  show  that  the 
curves  of  long  radius  offer  more  resistance  to  the  flow  of  water  than 
the  curves  of  short  radius.  Some  of  the  curve  sections,  however, 
contain  gates  and  special  castings  which,  as  the  results  on  North  Rivard 
Street  tangent  i^rove,  have  an  appreciable  effect.  This  fact,  together 
with  the  unaccountable  increase  in  resistance  between  the  first  three 
tangents,  made  it  seem  to  the  writers  desirable  to  extend  the  investiga- 
tions further,  and  no  general  deductions  will  be  made  until  the  experi- 
ments which  follow  have  been  described. 

Experiments  of  1899. 

Conditions. — All  experiments  made  in  June,  1899,  were  conducted 
in  the  day  time.  Instruments  can  be  more  easily  connected  and  read 
by  daylight  than  at  night,  and  the  jjresence  of  leaks  or  air  in  the  con- 
nections is  more  likely  to  be  detected,  but  day  work  has  the  disadvantage 
of  greater  variation  in  temperature,  and  in  this  case  it  was  not 
possible  to  obtain  as  high  velocities  as  in  the  previous  experiments 
which  were  conducted  at  night.  The  line  was  thoroughly  flushed  to 
remove  sediment  before  beginning  exijeriments. 
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Plan  of  Work. — Gauges  Nos.  6  and  7  were  filled  with  kerosene  and 
water,  the  oil  being  of  the  same  grade,  taken  from  a  gallon  can  which 
was  filled  before  beginning  the  work,  and  was  sufficient  in  quantity  to 
allow  the  gauges  to  be  refilled  several  times  during  the  experiments, 
and  afterward  to  be  calibrated.  Each  day,  Gauge  No.  7  was  j^laced  on 
the  Brady  tangent  and  was  read  and  recorded  every  30  seconds,  from 
the  time  of  beginning  in  the  morning  until  the  closing  down  at  night, 
except  for  a  short  time  for  lunch.  Likewise,  Pitot  Tube  No.  6,  with 
Gauge  No.  5,  filled  with  air  and  water,  was  set  at  an  angle  of  45^  ■vs'ith 
the  vertical,  with  the  point  at  the  center  of  the  30-in.  pipe,  2.83  ft. 
east  of  the  30-in.  gate,  and  in  the  gate-well  at  Alexandrine  and 
Hastings  Streets,  and  was  read  and  recorded  every  30  seconds  from 
about  9.00  A.  M.  until  about  4.30  p.  m.  except  for  a  short  intermission 
for  dinner. 

Differential  Gauge  No.  6  was  moved  about  from  section  to  sec- 
tion, and,  in  the  course  of  the  work,  covered  all  the  curves  and  tan- 
gents from  the  beginning  to  the  end  of  the  line,  except  the  Brady 
tangent,  on  which  Oil  Gauge  No.  7  was  located.  Owing  to  the  fact 
that  the  main  was  supplying  the  north  and  northwestern  parts  of  the 
city,  and  that  the  work  was  being  carried  on  in  hot  weather,  when  the 
demand  for  water  was  great,  it  was  impossible  to  close  down  the  line 
except  for  a  few  minutes;  and,  during  that  interval,  the  affected  part  of 
the  city  was  supplied,  through  small  pipes  and  from  adjacent  mains,  with 
a  limited  quantity  of  water  at  a  reduced  head.  The  cooler  of  a  brewery 
located  at  the  corner  of  Alexandrine  and  Hastings  Streets  could  be 
observed,  and,  as  long  as  sufficient  pressiire  existed  in  the  side  lines  to 
supjily  that  -ndth  plenty  of  water  when  the  30-in.  pipe  was  shut  off',  it 
could  remain  closed. 

The  different  velocities  of  flow  through  the  30-in.  pipe  were  regu- 
lated and  maintained  by  maniijulating  the  42-in.  gate  and  its  8-in. 
by-pass  on  the  east  side  of  St.  Antoine  Street  at  Canfleld  Avenue,  and 
by  wasting  into  the  sewer  through  the  12-in.  blow-off  at  the  alley  east 
of  St.  Antoine  Street  and  Canfield  Avenue. 

The  Avork  required  the  services  of  at  least  seven  men.  Each  morning 
the  watches  were  set  alike,  and  comparisons  were  made  before  leaving 
at  night.  Whenever  it  was  possible.  Oil  Gauges  Nos.  6  and  7  were 
kept  shaded  either  in  the  shadow  of  a  tree  or  building,  or  under  an 
umbrella,  and  a  thermometer  was  attached  to  each  and  read  at  intervals 
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of  from  5  to  10  minutes.  Air  chambers  vrith  double  hose  connections 
were  used  on  the  Brady  tangent  when  Oil  Gauge  Xo.  6  was  set  on  the 
curve  at  either  end,  and  on  June  21st,  when  using  Oil  Gauge  No.  6,  on 
the  West  Alexandrine  tangent  an  extra  air  chamber  was  used  at  Hastings 
Street,  in  order  not  to  interfere  with  the  street  car  service.  This 
chamber  was  set  on  the  railway  tracks,  and  was  provided  with  an 
air-cock,  and  two  hose  connections  with  shut-oflf  valves.  When  a  car 
was  seen  approaching,  both  valves  Avere  closed,  and  the  short  jjiece  of 
hose  which  crossed  the  track  was  disconnected  and  carried  clear  of 
it.  After  the  car  had  passed,  the  hose  was  reconnected,  its  valve 
opened  into  the  aii*  chamber,  and  air  allowed  to  escajje  through  the 
air-cock.  The  air-cock  was  then  closed  and  the  valve  leading  to  Oil 
Gauge  No.  6  opened.  During  the  observations  on  this  tangent  the  con- 
nection was  broken  twenty  times  to  allow  cars  to  pass  and  only  three 
readings  at  30  seconds  intervals  were  omitted  in  the  entire  series. 

The  hose  used  on  each  side  of  Oil  Gauge  No.  7,  on  the  Brady  tan- 
gent, consisted  of  50  ft.  of  ^-in.  hose  connected  to  the  air  chamber, 
then  50  ft.  of  |-in.  hose,  then  23  ft.  of  |-in.  hose  connected  to  the  gauge. 
On  each  side  of  Oil  Gauge  No.  6,  when  used  on  the  curves  or  short  tan- 
gents, 25  ft.  of  fin.  hose  was  connected  to  the  aii-  chamber,  then  50  ft. 
of  §-in.  hose,  then  50  ft.  of  ^-iu.  hose  to  the  gauge.  On  the  longer 
tangents  additional  50-ft.  lengths  of  \  and  |-in.  hose  were  added  to  give 
the  required  length,  care  being  taken  to  keep  the  gauge  as  nearly  as 
possible  midway  between  the  air  chambers. 

Table  No.  25  gives  an  outline  of  the  experiments  conducted. 
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EXPERIMENTS    ON    FLOW    OF    WATER   IN    PIPES. 


TABLE  No.  26. 


June  13th,  1899. 


Brady  St.  Tangent,  212.25  ft. 
Gauge  No.  7,  kerosene  and  water. 

Orleans  and  Scott,  Comp.  curve, 

162.25  ft. 
Gauge  No.  6,  kerosene  and  water. 

Pltot  Tube  No.  6,  Gauge 

No.  5.    On  center  at 

Alexandrine  and  Hastings. 

OS 

be 

P  0) 

Co 

O 

5* 

Average 

Equiva- 

a 

^  2 

1 

^1 

'it 

CD     , 

a 

3 

No, 

^r-^ 
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<^  5 

OJ  t. 

rt)"^ 

•9 
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o  s 
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■5^ 
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•5  s* 
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^5 
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o 
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(■*> 

(3) 

(*) 

(5) 

(6) 

(7) 
Beg. 

(8) 

(9)            (10) 

(11) 

(13) 

(13) 

(14) 

(15) 

Deg. 

+0.108 

-0.620 

+0.069 

1 

84 

15 

5.900 

6.087 

0.195 

83 

17 

9.891 

10.197 

9.577 

13 

1.384 

1.453 

5.8.56 

2 

87 

20 

—0.105 

-0.108 

0.000 

86 

30 

0.600 

0.630 

0.000 

21 

—0.069 

0.000 

0.000 

a 

87 
89 

12 
19 

0.892 
4.495 

0.923 
4.663 

1.031 
4.771 

13 
19 

0.123 
1.171 

0.192 
1.240 

0.774 

4 

93* 

19 

8.089 

8.43.i 

7.812 

4.997 

5 

88 

13 

4.667 

4.837 

4.945 

94i 

12 

8.445 

8.8:3 

8.192 

12 

0.808 

Rej. 

89 

23 

89 

25 

91 

12 

90 

14 

86 

15 

92 

19 

4.813 

4.993 

-0.324- 

-0.336 

1.165! 

1.524 

4.957! 

5.148 

4.8931 

5.060 

4.963! 

5.165 

1. 


June  13th,  1899. 
+0.336 
5.3291  87 
0.000  88 
1.860  90 
5.484i  90 
5.398|  90 

5. soil 

June  13th,  1899.— Orleans  and  Hale,  Compound  Curve.  200  ft. 


-Orleans  Street  Tangent,  56.43  ft 
-1-0.304 
1.076         1.380 
-0.304         0.000 
0.030  I 
0.831  / 
0.831  \ 


—0.293 
0.029 
0.800 
0.800 


Rej. 


.208 
,171 
435 

,278 
260 
.318 


+0.171 
1379 
0.000 
0.606 
1.449 
1.431 
1.489 


5.557 
0.000 
2.442 
5.839 
5.767 
6.001 


93 

35 

95 

21 

94 

24 

97 

23 

96 

14 

5.014 

—0.463  - 

0.600 

1.348, 

5.0851 


+0.483 

5.2231     5.706 

89 

;i5 

-0.483:     0.000 

89 

20 

0.626      1.109 

90 

23 

1.3051     1.788 

90 

21 

5.314'     5.797 

90 

9 

June  14th,  1899. 


7.592  7.877 

+0.076       +0.079 
1.596  1.658 

2.448  2.543 

7.711  8.009 

Hale  Street  Tangent,  334.93  ft 


—0.079 

+0.158[ 

7.7'98 

35 

1.311 

1.469  5.920 

0.000 

33 

—0.158 

0.0000.000 

1.579 

24 

+0.202 

0.. 360  1.451 

2.463 

24 

0.385 

0.543  2.188 

7.930 

15 

1.343 

1.50116.049 

83 

87 

8U 

13 

83^ 

18 

83* 

27 

84 

25 

86 

37 

-0.189 

+0.017 

5.769 

81 

87 

5.561 

5.718 

5.735 

5.830 

801, 

13 

5.623 

5.778 

5.795 

0.000 

81 

18 

—0.017 

-0.017 

0.000 
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Hi 

27 
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2.470 

2.487 

5.633 

83 

25 

5.624 

5.796 

5.813 

5.536 

5.431  5.580i 
5.483,  5.641 1 
—0.183;— 0.1891 
2.359!  3.327| 
5.276!  5.544I 
5.171!     5.347! 

June  14th,  1899.— Hale  and  Riopelle,  60-f t.  Radius  Curve,  200  ft. 


+0.086 

14 
18 
27 
25 
37 

1.336 
-0.086 
0.520 
1.408 
1.391 

1.422 
0.000 
0.606 

5.731 
0.0(10 
2.442 

1.477 

5.952 

+0.323 

5.708, 

87 

25 

5.296 

5.483 

89 

13 

-0.215 

—0.223 

0.003' 

88A 

29 

0.959 

0.994 

1.317i 

91 

35 

3.094 

2.177 

2.400} 

89 

35 

5.188 

5.382 

5.60.=Si 

90^ 

33 

5.215 

5.419 

5.642' 

—0.093 

89* 

25 

8.936 

9.285 

9.193 

88 

15 

+0.087 

+0.092 

0.000 

88* 

29 

1.681 

1.743 

1.651 

88 

37 

3.468 

3.594 

3.503 

88^ 

25 

8.556 

8.872 

8.780 

426 
052 
206 
496 
350 
361 


5.245 
5.269 
—0.184 
0.987 
2.384 
5.453 
5.200 


June  14th,  1899 
+0.191 
Rej. 
5.652 
0.000 
1.216 
2.570 
5.895 
5.636 


-Riopelle  Street  Tangent,  47.88  ft. 


Rej. 
5.461 
-0.191 
1.025 
2.. 379 
5.704 
5.445 


87* 

21 

1.181 

Rej. 

0.000 

87 

34 

1.300 

1.346 

1.346 

88 

21 

0.000 

0.000 

0.000 

89 

25 

0.252 

0.261 

0.361 

88 

21 

0.509 

0.528 

0.528 

88^ 

17 

1.259 

1.305 

1.305 

21 

1.405 

24 

1.415 

29 

—0.016 

22 

0.200 

21 

0.590 

17 

1.465 

16 

1.394 

+0.052; 

1.478  5.956 
0.001)  0.000 
0.258  1.040 
0.548  2.208 
1.402  5.650 
1.413  5.694 

+0.0161 

"i!43ii5!767 

0.000! 

0.316i0.870 
0.606!2.443 
1.481:5.968 
1.4105.683 


June  14th,  1899.— Riopelle  and  Rowena,  40-f t.  Radius  Curve,  300  ft. 


+0.303 

0.000 

+0.013 

36 

98 
95 

8 
17 

5.550 
5.465 

5.811 
5.705 

6.014 

5.908 

8 
17 

1.462 
1.453 

1.47515  944 

37 

89 

17 

7.500 

7.781 

7.781 

1.4(56 

5.908 

38 

93 

11 

—0.195 

—0.303 

0.000 

88 

10 

0.000 

0.000 

0.000 

15 

—0.013 

0.000 

O.CXKt 

39 

93* 

31 

1.060 

1.105 

1.308 

87* 

31 

1.524 

1.579 

1.579 

25 

0.282 

0.295 

1.189 

40 

95^ 

31 

3.076 

3.168 

3.371 

87 

20 

2.990 

3.095 

3.095 

23 

0.539 

0.552 

2.325 

41 

98 

11 

5.433 

5.678 

5.881 

87 

10 

7.600 

7.868 

7.868 

7 

1.414 

1.427i5.751 

*Hi.c  by  Pitot  Tube  No,  6.  at  Alexandrine  and  Hastings  =  ^^  in  Brady  Tangent  -h  4.i 
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TABLE  No.  2&—iCo7iii7iued). 


June  ISth,  1899. 


Brady  St.  Tangent,  212.25  ft. 
Gauge  No .  7,  kerosene  and  water. 


m 

o 

1--H 

u 

« 

bO 

^  ^ 

a^ 

c 

1 

1 
?1 

2^ 

E^ 

6 

>•« 

^ 

-j! 

£ 

O.S 

(16) 

rir) 

(18) 

(19) 

(30) 

(ai) 

Dftg. 

+0.012 

42 

79 

.53 

4.919     5.046 

5.058 

48 

82 

17 

—0.012—0.012 

0.000 

44 

f<i^/TT 

29 

1.138      1.172 

1.184 

45 

k" 

10 

2.190     2.257 

2.269 

46 

R5 

15 

2.027      2.094 

2.106 

47 

H4 

24 

4.550     4.695 

4.717 

48 

Rt 

21 

5.971      6.168 

6.180 

49 

82J 

18 

6.061 

6.215 

6.257 

Rowena  St.  Tangent,  292.23  ft. 
Gauge  No.  6,  kerosene  and  water. 


Pitot  Tube  No.  6.  Gauge 

No.  5.    ( )n  center  at 
Alexandrine  and  Hastings. 


81  i 

821 

82 

80J 

78i 

m 

78 


June  15th,  1899.— Rowena  and  Russell  Sis.,  25-ft.  Radius  Curve,  200  ft. 


80? 

21 

6.247 

6.421 

78i 

13 

6.292 

6.451 

78^ 

15 

—0.267 

—0.272 

78- 

22 

0.746 

0.763 

77 

13 

4.061 

4.155 

78i 

18 

3.756 

3.850, 

78 

15 

6.067 

6.216' 

79* 

27 

0.147 

6.3091 

0.272 

+  0.259 

6  t93 

6  723 

77 

10 

8.420 

8.616 

8.875 

0  000 

76JI 

15 

—  0.253 

-  0.259 

0.000 

1  035 

77? 

20 

l.a35 

1.061 

1.320 

4.427 

78 

12 

5.467 

5.601 

5.860 

4  V2?. 

80 

18 

5.061 

5.197 

5.456 

6  488 

80 

15 

8.127 

8.346 

8.605 

6.581 

4-0.374 

80J 

14 

6.129     6.298 

6.672 

78 
79 
79 

15 
23 
10 

79i 

11 

6.254      6.419 

6.793 

79 

13 

— 0.365— 0.. 374 

0.000 

79 

14 

78f 

35 

0.8181     0.839 

1  213 

78 

25 

78t 

29 

4.369      4.477 

4.851 

78 

31 

83 

25 

6.308      6.501 

6.875 

78 

21 

JuN£  15th,  1899.— Russell  St.  Tangent,  29.17  ft. 

—  0.000 


+0.3411 

87 

16 

6.137     6.353 

6  6941  76i 

16 

81 

14 

—0.332—0.341 

0.000,  76 

13 

8U 

14 

0.621      0.639 

0.980    76 

14 

81 

14 

4.457     4  saS 

4.924    76 

14 

Rejected. 

0.000 
0.205 
0.698 
1.025 


7.&31 

—  0.102 
0.927 
5.416 


0.000 
0.205 
0.698 
1.025 


1.029 
5.518 


0.747) 
0.800} 
0.800) 
0.000 
0.200 
0.681 
1.000 
June  15th,  1899.— RusseU  and  Brady  Sts.  Comp.  Curve,  200  ft 

+  0.102 
7.169  7.&31  7.433 

—  0.100      —  0.102  0.000 

0.907 
5  300 


1 
1 
1 

—  0 
0 


1 

—  0 
0 

1 


,593 
,617 
,045 
,218 
,021 
973 
,563 
,579 


,573 
,113 
,204 
,114 


+0.015 

i  1.638  6.601 
1.662  6.698 
0.0000.000 
0.263  1.060 
1.0664.296 
1.0184.103 
1.608  6.480 
1.624,6.465 


+0.134 
1.701 
1.699 
1.698 
0.000 
0.338 
1.148 
1.707 


6.855 

6.817 
6.813 
0.000 
1.362 
4.626 
6.879 


June  16th,  1899.— Brady  and  Rivard  Sts.  15-ft.  Radius  Curve,  200  ft. 


60;^ 

55  1 

63 

6 

63 

13 

66 

13 

65i 

19 

67 

19 

67 

13 

70 

21 

69i 

56 

4.484     4.487 

4. .300     4.31S 

_0.f)96  —0.096 

0.662      0.668 

4.615     4.649 


+0.096; 
4.583'  58i 
4.414    59 
0.000    63 

(0.764) 


4.745   62 


19 


.968     9.056     9.152    62         17       11.741  11.774 

'46      1.763      1.859    64         13         2.145  2.j^7 

080 -0.081  !-0. 015    64         21    -0.200     -0.201 

.086—0.0871—0.009... 

June  17th,  1899.— South  Rivard  St.  Tangent, 


5.753 
5.529 
—  0.130 


5.911 


5.723 
5.521 
0.131 


1+  0  131 
5.854 
5.652 
0.000 


5.928 


+  0.201 
6.129 


11.975 
2.358 
0.000 


343 

5.497 

+0.032 
5.529 

82)i 

29 

031 

—0.032 

0.000 

SI* 

22 

009 

1.039 

1.071 

82 

17  ' 

690 

2.765 

2.797 

81 

13  I 

673 

2.740 

2.772 

81 

19 

8.35 

5.974 

6.006 

mi, 

20 

.028 

6.176 

6.208 

79 

23 

17.110 
-  0.209 
3.471 
8.962 
9.200 
17.850  1 
18.261  ) 


17.649 

+  0.215 

3.573 

9.215 

9.459 

Rejected. 


667.86  ft 
— 0.215| 
17.434 
0.000 
3.358 
9.000 
9.244 


0 

—  0 

0 


1.008 

2.191 
0.397 
0.079 
0.060 


1.378 
0.005 
0.3(H) 
0.710 
0.714 
1.459 
1.506 


+0.1131 
1.6866.795 
0.0000.000 

Reject  ed. 
1.22714.945. 


+0.035 


■Reje 


cted. 


+0.079 
2.2709.148 
0.476  1.918 
0  iKjOO.mH) 

—0.019  0.077 


+0.0051 
1. 383  5. .573 

O.OOOO.I'flO 


0.»6 
0.715 
0..19 


1.229 
2.881 
2.8<.>8 


1.4&4  5.900 
1.510  6.086 
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—  i 


Junk  17th,  1899. 


Brady  St.  Tangent,  212.25  ft. 
Gauge  No.  7,  kerosene  and  water. 


1^ 

5* 

q  c 

ao 

S 

1^ 

1 

■3  be 
s  a 

.- 

o 

t»^ 

o<-S 

El 

^ 

< 

W 

(32) 

(33) 

(34) 

(35) 

Deg. 



K5 

2(! 

5.793 

5.984i 

76 

13 

-t-0.104 

+0.108' 

7+v; 

25 

1.184 

1.20S, 

79 

27 

2.406 

2.468 

77--M 

37 

5.518 

5.651 

79 

19 

5.253 

5.387 

79M 

26 

5.406 

5.548 

80 

23 

5.041 

5.177 

67 
69 
69 

mi 


■ot 


(36)     (37) 


North  Rivard  Street  Tangent.  184.10  ft. 
Gauge  No.  6,  kerosene  and  water. 


(38) 


Average 

inches, 

kerosene. 


(39) 


-0.106  +0.0081 

5.878   76}^     20         5.640           5.767           5.775  18  1.420 

0.000    78         13      —0.008       —0.008     '       0.000  13  —0.002 

1.102    77         26         1.238           1.267     1       1.275  25  0.273 

2.-362    77         27         2.500           2.558     I      2.566  25  0.592 

5.545    77         37         5.424           5.550     I       5.558  37  1.403 

5.281    77         16         5.3;i5           5.447     I       5.455  19  1.406 

5.442 i 26  1 .414 

5.071 ; 23  1.374 

June  16th,  1899.— Rivard  and  Alexandrine  Street,  10-ft.  Radius  Curve,  200  ft. 


Equiva- 
lent read- 
ing at 
60°  Fahr. 


(40) 


Pitot  Tube  No.  6,  Gauge 
No.  5.     On  center  at 
Alexandrine  and  Hast- 
ings, y 


(41)     (42)    (43) 


*  a 


iD-4 


(44)    (45) 


90 

34 

84 

25 

82 

14 

82 

13  I 

83 

20  1 

85 

22 

86 

23 

-0.130 
-0.1.53 
0.839 
0.886 
3.801 
5.333 
3.892 


4.110 
4.078 
4.043 


—0.132 
—0.155 

0.847 

0.897 

3.841 

5.404 

3.950 
June  19th,  1899. 

4.269 
4.208 
4.162 


+0.155 

—0.147 

0.023 
0.000 

70 

U 

+0.145 

+0.147 

0.000 

1.002 

68U 

19 

1.337 

1.353 

1.206 

1.052 

71 

31 

1.261 

1.280 

1.133 

3.996 

7m 

26 

4.377 

4.447 

4.300 

5.559 

721/i 

21 

6.348 

6.447 

6.300 

4.105 



13    +0.215+0.221 


1. 

4.0161 

5.3691 


1.235 
4.148 
5.552 


11 
19 
28 
26 
21 
33 
East  Alexandrine  Street  Tangent,  645.50  ft. 

13.074  13.426 

12.504  I  12.841 

12.262  ,  12.600 

-P0.158  i  -1^0. 163 

2.990  3.080 

11.3S6  !  11.734 

15.009  i  15.468 


—0.072 
—0.091 
0.141 
0.117 
0.929 
1.307 
0.985 


+0.002 
1.422  5.731 
0.000  0.000 
0.275  1.108 
0.594  2.394 
1.405  5.668 
1.408  5.674 
1.416  5.706 
1.376)5.545 


|-|-0.091| 
0.019,0.507 
0.0000.000 
0.2320.798 


0.208 
1.0-^ 
1.398 
1.076 


0.838 
4.111 
5.634 
4.336 


—0.221 

1     4.048 

80 

34 

j     3.987 

80 

25 

'     3.941 

80^ 

13 

0.000 

82 

7 

1.014 

82^ 

20 

!     3.927 

83 

22 

>     5.331 

83 

23  ! 

—0.163 

13.253 

34 

1.088 

13.678 

25 

1.075 

12.427 

14 

1.074 

0.000 

13 

+0.022 

2.917 

20 

0.300 

11.571 

22 

0.991 

15.305 

18 

1.299 

-0.0221 
1.066  4.296 
1.0.53  4.244 
1.0524.240 
0.000,0.000 
0.278ll.]20 
0.979:3. 945 
1.277  5.146 


June  19th,  1899.— Hastings  Street  Specials,  23.51  ft. 


3.448 
3.557 
3.939 
-0.157 
0.693 
3.884 
5.457 
3.788 


3.-577 
3.690 
4.087 
—0.163 
0.719 
4.0.32 
5.668 
Rej. 
June  21st,  1899. 
i  '+0.306 

3.857     3.916     4.122 
-0.300— 0.. 308 
0.755     0.769 
3.929     3.954 
5.927i     6.025 


+0.163 

-1-0.378 

3.740 
3.853 

86 

a 

0.300 

0.310 

0.688 

4.250 

88W 

16 

0.375 

0.389 

0.767 

0.000 

88 

17 

—0.365 

—0.378 

0.000 

0.882 

88 

30 

—0.187 

—0.194 

0.184 

4.195 

8814 

23 

0.343 

0.316 

0.734 

5.831 

89 

27 

0.600 

0.632 

1.000 

89 

9 

0.400 

Rej. 

—0.017 

48 

0.978 

0.961 

3.873 

"i\ 

"i.'osg 

"i!642 

4:199 

17 

+0.017 

0.000 

0,000 

20 

0.297 

0.280 

1  128 

25 

1.078 

1.061 

4.276 

30 

1.487 

1.470 

5,924 

7 

1.100 

Rej. 

-West  Alexandrine  Street  Tangent,  409  ft. 
+0.  414 


0.000 
1.075 
4.260 
6.331 


75 

23 

74 

16 

73 

24 

72 

31 

72 

19 

7.230 

—0.406 

1.78;^ 

7.638 

12.010 


7.-379 

—0.414 

1.815 

7.765 

12.216 


(•.793  1 
0.000   I 
2.229'  1- 
8.179 
12.630  J 


Not  re  ad. 


June  16th,  1899.— Alexandrine  and  Alley,  8-ft.  Radius  Curve,  200  ft. 


72 

55 

3.994 

72V4 

21 

3.793 

72 

13 

-0.146 

72V6 

23 

0.848 

7114 

28 

3.458 

73 

11 

6.263 

73 

11 

5.. 595 

733^ 

11 

4.041 

4.060 
3.859 
—0.148 
0.863 
3.513 
6.376 
5.796 
4.116 


+0.1481 
4.208  ... 
4.0071  72 
0.000  73 
1.011  73 
3.661  73 
6.524  72 
5.944  73 
4.3641  73 


4.480 
•0.000 
0.957 
3.700 
6.820 
6.178 
4.140 


4.554 

0.000 
0.964 
3.762 
6.933 
6.280 
4.209 


0.000, 


4.554 
0.000 
0.964 
3.762 
6.9331 
6.280 
4.3091 


.55 

1.002 

21 

0.986 

19 

—0.032 

23 

0.170 

29 

0.777 

11 

1.5.36 

11 

l.:i86 

15 

1.000 

+0.032; 

1.034  4.167 
1.018  4.103 
0.0000.000 
0.2020.814 
0.80913.260 
1.568  6.319 
1.418  5.715 
1.032:4.159 


H^f,  by  Pitot  Tube  No.  6,  at  Alexandrine  and  Hastings  =  Hf  in  Brady  Tangent  -h  4 . 
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TABLE  No.  26— {Continued). 


June  20th,  1899. 

Brady  Street  Tangent,  212.25  ft. 
Gauge  No.  7,  kerosene  and  water. 

South  Alley  Tangent,  14:^.10  ft. 
Gauge  No.  6,  kerosene  and  water. 

Pitot  Tube  No.  6.  Gauge 

No.  5.    On  center  at 

Alexandrine  and  Hastings. 

No. 

(46) 

i; 

(47) 

Deg. 

86 
861^ 
87 
87>^ 
88 
88 
88 
88 

t£ 

'■5 

£ 
6 

(48) 

of 

(49) 

!^ 

S  be 

1-5 

(50) 

S  * 

£l 

(51) 

H 
(53) 
Deg. 

00 

U 

a 

2 

i 

(53) 

Average 

inches, 

kerosene. 

(54) 

Equiva- 
ent  read 

ingat 
60°  Fahr. 

(55) 

n 

si 

0 

(56, 

1 

CS 

2 
6 

(57) 

^^ 

If 

< 

(58) 

i  + 

1 

0- 

(50) 

+0.OT2 
0.312 

1. 

5 

(60) 

128 

61 
25 
13 
25 
29 
16 
10 
31 

-t-0.271 

+0.441 

—0.600 

+0.316 

3.457 

5.306 

5.540 

3.723 

0.280 
0.459 
—0.621 
0.327 
3.5^ 
5.499 
5.741 
3.858 

Jn> 

+0.621 
0.901 
1.080 
0.000 
0.948 
4.204 
6.120 
6.362 
4.479 

E  21st, 

+0.185 

+0.»i3 

61 
26 
21 
25 
28 
16 
9 
26 

17 
6 
17 
21 
21 
19 
7 

11 

7 

52 

+0.300 

+0.297 

—0.012 

+0.284 

1.001 

1.499 

1.556 

1.088 

0.914 
1.000 
—0.016 
0.301 
1.017 
1.442 
1.025 

+0.032 
0.236 
1.169 

1.257 

129 
130 
131 
132 
133 
134 
135 

136 

88 
88 
88 
87 
87 
87 
87 

1899. 

70 
71 
72 

74 
74 

3 
16 
27 
25 

12 
13 
20 

— Noi 

14 
25 
20 
21 
21 
15 
8 

+6.366 
-0.900 
—0.167 
1.7(X) 
2.900 
3.100 
2.000 

•th  Alley  ' 

12.986 
13.108 
+0.515 
3.962 
13.329 
18.933 
13.000 

0.311 
—0.933 
-0.173 
1.76f» 
3.002 
3.209 
2.070 

rangent,  t 

13.167 
13.308 
+0.524 
4.0:^6 
13.586 
19.299 
13.251 

1.234 
-0.010 
0.750 
2.683 
3.925 
4.132 
2.993 

41.80  ft. 

-0.524 
12.643 
12.784 
0.000 
3.512 
13.062 
18.775 
12.727 

0.309  1.215 

0.000  O.ooa 

O.'.x.W  1.198 
1.013  4. ('M2 
1.51l,ti.iJK9 
1.. 568  6.319 
I.IOOI4. 4.3:1 

+0.0161 
Rejected. 

137 
138 
139 
140 
141 
142 

143 

76 

74J^ 

75 

76 

76 

75 

90 
91 

24 
21 
21 
21 
20 
10 

13 

8 

3.987 
—0.181 
0.883 
3.971 
5.783 
4.000 

—0.277 
0.744 



4.074 

—0.185 
0.901 
4.05« 
5.910 
4.0SJ 

-0.288 
0.774 

4.259 
0.000 
1.086 
4.243 
6.095 
4.268 
+0.288 
0.000 
1.062 

1.016  4.094 

o.ooo;o.(iuo 

0.317  1.278; 
1.0:«'4.16$ 
].4.5h.=i.K;6 
l.i>4i;4.195 

-o.uk'    * 

0.000  0.000 

144 

0.204 

0.264 

145 

1.137 

146 

92% 

93 

93^ 

91 

94 

83 

84 
82 
85 
90 
92 
93 

^^ 
93 
91 3i 
92 
90 

26 

26 

8 

7 

24 

27 

5 

23 

26 

10 

16 

7 
25 
24 
12 

8 
28 
24 

8 
29 
25 

6 
10 

4.027 
4.031 
4.100 
5.893 
5.814 
5.922 
5.900 
5.835 
6.031 
6.115 

4.325 

4.257 
4.256 
4.169 
4.129 
6.115 
5.882 
5.910 
5.888 
6.090 
6.250 
6.241 
-0.210 

4.193 
4.200 
4.274 
6.146 
6.095 
6.173 
6.150 
6.085 
6.293 
6.384 

4.457 
4.392 
4.3S1 
4.3W 
4.288 
6.364 
6.122 
6.154 
6.128 
6.345 
6.503 
6.496 
-0.218 

4.481 
4.488 
4.562 
6  4:M 

1.1!2 

147 

1.114 

148 

34 
18 

i.iso 

1.661 

1.118 
1.629 

1.138 

149 

1.59S 

150 

6;3a3 

6.461 
6.438 
6.373 
6.581 
6.672 

+0.216 
4.675 
4.610 
4  59^) 

1.584 
1.608 
1.598 
1.581 
1.G3S 
1.65(t 

auge 
and 

1.160 
1.144 
1.141 
1.123 
l.llK 
1.(»S 
1.57$ 
1.581 
1.575 
1.680 
1.668 
1.666 

151 

152 



18 

1.592 

1.560 

153 

154 

12 

i.639 

1.607 

155 

156 

Pitot 
No. 
Ha. 

Tube   N 
5,    Alex 
stings. 

0.  3.  G 
indrine 

-0.015 

157 



18 

1.088 

1.013 

158 
159 

4  534 

160 

4.5fJ6 
6.582 
6.340 
6.372 
6.346 
6  563 

42 
34 

1.002 
1.516 

0.967 
1 .501 

161 
162 
163 
164 



24 

1.458 

1.443 

165 
166 
167 

6.T21 
6.714 
0.000 

18 
10 

1.456 
+0.015 

1.440 

168 

0.0000.000 

-^ 

*  Estimated  Reading,  Tube  No.  6,  Col.  51-^4.1 
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January  23d,  1901. 


Pi  tot   Tube  No.  5,  at   Superior 
Street. 

Pitot  Tube  C,  at  Hastings 

Street. 

30-In.  Gate  at  Hastings 
Street,  Gauge  No.  7,  Kero- 
sene and  Water. 

Time. 
(61) 

No. 
(62) 

Average  read- 
ing, in  inches, 
water. 

(63) 

Average    read- 
ing, in 
inches,    water. 

(6*) 

Corrected 

for 

initial  error. 

(65) 

T.. 
Fahr. 

(66) 

Average  inches, 
kerosene. 

(67) 

p.  M. 

1.30  -1.45 
1  48    2  00 

169 
170 
171 

172/ 

173 
174 

175 
176 
177 
178 
179 
180 
181 
182 
183 

Not 
observed. 

1.3480 
0.709  1 

or    y  Reject. 
0.553) 
0.000 
0.000 

0.000 
0.510 
0.911 

Traverse. 
1.0110 

Not  read. 
1 .3040 

Traverse. 
1.275 

1.623 
1.599 
1.588 

0.850 

0.416 
Shaking. 

0.200 
0.633 
1.188 
1.174 
1.083 
0.688 
1.440 
1.328 
1.300 

—0.500 
1.123 
1.099 
1.068 

0.350 

-0.084 

32° 

0.453 
0.431 

2  01    2  11 

0.456 

2  11    2  24 

0  059 

2  24    2  27 

0  000 

3.43J-2.59i 
2  58    3  06 

0  000 

—0.200 
0.000 

Rejected. 
0.988 
0.974 

Rejected. 
0.488 
1.240 
1.128 
1.100 

0.062 

3  08  -3  lOi 

0.333  Rejected 
0.406 

3  11  -3  14" 

3.17  -3  41 

0.428 

3  41  -3  43 

0.500 

3  43    3  54 

0.2CI0 

3  55  ^  00 

0.500 

4  01  -4  26 

0.500 

4.26  -4  30 

0.500 

Daily  Log. — All  readings  were  plotted  on  cross-section  paper  in  the 
usual  manner,  and  tlie  average  of  readings  taken  during  jjeiiods  of 
uniform  velocity  is  given  in  Table  No.  26.  Plate  VII  is  a  fair  sample 
of  the  daily  plotted  log  of  observations,  as  read  in  the  field. 

Initial  Error. — At  some  period  during  each  series  all  gates  were 
closed  down  tight,  and  the  gauges  read  with  a  condition  of  absolutely 
no  flow,  when  there  should  be  no  frictional  loss,  provided  suflScient  time 
is  allowed  for  the  establishment  of  equilibrium.  Seldom,  however,  did 
the  gauges  read  exactly  zero  under  such  conditions. 

The  readings  obtained  are  given  in  Table  No.  27. 

The  reading  of  the  differential  gauge  was  zero  in  four,  positive  in 
seven,  and  negative  in  ten  cases. 

If  readings  were  always  of  the  same  sign,  or  never  came  to  zero, 
it  might  be  argued  that  these  readings  represented  actual  conditions 
in  the  pipe;  under  the  circumstances,  however,  the  only  rational 
explanation  seems  to  be  that  an  actual  initial  error  does  exist,  and 
all  observations  in  Table  No.  26  have  been  corrected  for  the  observed 
initial  error. 
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Pilot  Tube  No.  6,  on  center,  Alexandrine  anrLHastings. 
Inches  of  water  corrected  for  initial  error 
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TABLE  No.  27.— Initial  E|ieoks. 


See. 

1 

c 

"S 

^1 

nnltaneoiis 
eading  on 
•ady  Street. 
Kerosene. 

multaneous 
•eading  of 
tot  Tube  No. 
on  Center. 

] 

;    Sec. 

it 

multaneous 
eading  on 
rady  Street. 
Kerosene. 

multaneous 
reading  of 
tot  Tube  No. 
on  Center. 

k"":: 

X       2,-= 

:s 

m  "m 

rjl    (i;» 

I 

mi  25 

-1-0.62 

—0.108 

—0.069 

XII.... 

213.25 

II.... 

56.42 

-0.3W 

— 0.a36 

-0.171 

XIII... 

200.00 

—6.131 

—0.96 

-0.085 

III... 

200.00 

+0.079 

-0.483 

—0.15^ 

XIV.... 

667.86 

+  0.215 

—0.032 

—0.005 

IV... 

234.92 

—0.017 

-0.189 

—0.086 

XV  ... . 

184.10 

—0.008 

+0.106 

—0.002 

v.... 

300.00 

+0.092 

—0.223 

— 0.C52 

XVI  . . . 

200.00 

+0.147 

-0.155 

-0.091 

VI... 

47.88 

0.000 

—0.191 

—0.016 

XVII  . . 

645.50 

+0.163 

+0.221 

--0.332 
- -0.017 

VII.. 

300.00 

0.000 

—0.203 

-0.013 

XVIII. 

23.51 

—0.378 

—0.1(3 

vm. 

292.23 

—0.715 

—9.012 

—0.051 

XIX  . . . 

409.00 

—0.414 

-0.306 

TX... 

200.00 

—0.259 

-0.272 

—0.015  , 

XX 

200.00 

0.000 

-0.148 

—0.032 

X.... 

29.17 

0.000 

—0.374 

—0.131 

XXT  .  .  . 

143.10 

—0.933 

-0.621 

—0.012 

XI... 

200.00 

-0  102 

—0.341 

—0.113 

XXII.. 

641.80 

+0.524 

—0.185 

—0.016 

The  Pitot  tube  readings,  taken  -witli  no  flow,  are  almost  uniformly 
negative,  which  indicates  that  either  the  point  read  low  or  the  side 
high,  as  all  the  readings  were  read  by  the  same  observer.  This  result 
may  be  due  to  the  personal  equation  of  error,  or  to  the  fact  that  the 
columns  of  water  in  the  differential  gauge  did  not  always  vibrate  uni- 
formly, one  traveling  through  a  greater  distance  than  the  other. 

It  is  the  opinion  of  the  writers  that  this  condition  is  due  to  the 
pulsations  in  the  water  itself,  which,  acting  through  the  orifices  in 
the  side  of  the  pressure  chamber,  tend  by  their  imj^act  to  elevate  the 
pressure  column.  As  this  vibration  must  be  present  at  all  times,  its 
effect  may  be  expected  to  be  a  constant,  and  the  static  readings, 
therefore,  should  be  treated  as  initial  errors. 

Diagrams. — -The  ratio  between  Pitot  Tube  No.  6  on  the  center  at 
Hastings  and  Alexandrine  Streets  and  the  frictional  resistance  in  the 
Brady  Street  tangent,  as  computed  and  shown  on  Fig.  45,  is  4.0301. 
This  ratio  is  derived  from  experiments  1  to  142,  inclusive,  and  holds 
good  for  all  work  done  in  1899. 

In  Figs.  46  to  66  iaclusive,  the  resistance,  H^  observed  in  each  experi- 
mental section,  is  plotted  with  the  resistance  simultaneously  observed 
Iq  the  Brady  Street  tangent,  and  also  with  the  readings  taken  with 
Pitot  Tube  No.  6  on  the  center  at  Hastings  and  Alexandrine  Streets, 
multiplied  by  4.0301.  The  average  line  is  comj)uted  from  both  series 
of  points,  thus  making  the  results  obtained  practically  an  average  of 
two  series  of  observations. 
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The  following  notes,  referring  to  the  diagrams,  Figs.  46  to  66,  in- 
clusive, should  be  used  also  in  connection  with  the  values  given  in 
Table  No.  26,  inasmuch  as  the  rejected  points  referred  to  are  in  most 
cases  omitted  from  the  diagrams. 

Note  (1)  Fig.  46.  Orleans  and  Scott  Streets  compound  curve:  Obser- 
vation No.  5  on  Pitot  tube  rejected. 

Note  (2)  Fig.  47.  Orleans  Street  tangent:  Nos.  8,  9  and  10  on  Orleans 
Street  rejected  because  columns  did  not  vibrate 
freely  after  shaking  out  hose;  acted  as  if  gauge 
was  throttled. 

Note  (3)  Fig.  48.  Orleans  and  Hale  Streets  curve:  It  is  apparent 
that  the  correction  for  initial  error  api)lied  to 
Pitot  tube  readings  is  in  excess  of  the  true  correc- 
tion. This,  however,  does  not  affect  the  value  of 
the  coefficient  in  the  equation. 

Note  (4)  Fig.  50.  60-ft.  radius  curve:  The  observations  on  Bradv 
Street  tangent  are  somewhat  irregular,  but  have 
been  included  in  the  average  result,  although  a 
diagram  of  better  appearance  could  have  been 
obtained  by  using  only  Pitot  tube  results,  in  which 
case  the  ratio  would  have  been  approximately 
1.52. 

Note  (5)  Fig.  51.  Riopelle  Street  tangent :  No.  29  rejected;  gauge  not 
working  as  it  should. 

Note  (6)  Fig.  53.  Piowena  Street  tangent:  The  zero  observation  on 
Rowena  Street  appears  to  be  too  low,  but  is  in- 
cluded in  the  average.  If  omitted,  the  ratio  would 
be  decreased. 

Note  (7)  Fig.  55.  Eussell  Street  tangent:  Nos.  58,  59  and  60  are  re- 
jected as  they  were  taken  before  the  gauges  were 
brought  to  zero,  and,  although  there  is  nothing 
in  the  log  to  indicate  that  they  are  not  reliable, 
a  change  in  conditions  evidently  occurred  in  the 
Eussell  Street  gauge  when  the  gates  were  closed. 

Note  (8)  Fig.  56.  Small  compound  curve:  No.  67,  tube  observation, 
rejected;  not  working  well. 

Note  (9)  Fig.  57.  15-lt.  radius  curve:  Pitot  tube  observations  Nos. 
70  to  73,  inclusive,  rejected  on  account  of  air  in 
connections. 

Note  (10)  Fig.  58.  S.  Eivard  Street  tangent :  Nos.  bH  and  84  rejected, 
as  log  shows  that  gauge  had  not  yet  reached 
equilibrium. 
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Fig.  67. 


The  ratios  obtaiued  from  the  diagrams  are  shown  in  Table  No.  28, 
with  con-ections  for  length;  and  in  Column  6  the  results  of  work  in  1898 
are  given  for  comparison. 

KesTilts. 

Resistance  of  Specials. — The  resistance  in  the  30-in.  gate  at  Alexan- 
drine and  Hastings  Streets  was  measured  January  2:3d,  1901,  with 
Gauge  No.  7,  using  kerosene  and  water.  The  velocities  at  the  same 
time  were  observed  by  Tube  C,  on  center  at  Alexandrine  and  Hastings 
Streets,  and  by  Tube  No.  5,  on  center  at  Superior  Street.  The  cor- 
rected results  are  shown  in  Fig.  67.  As  Tube  No.  6  was  used  on  all 
1899  experiments,  the  ratio  of  gate  resistance  to  Brady  tangent  is 
derived  by  means  of  the  proper  coefficients,  as  follows: 

From  the  rating  of  Pitot  Tubes  C  and  No.  6,  the  tnie  velocity  head 
{//,,)  =  0.640  X  the  velocity  head  observed  with  Pitot  Tube  C,  and 
0.7157  X  that  observed  with  Pitot  Tube  No.  6;  or,  the  equation 
expressing  the  relation  between  readings  observed  with  these  tAvo  tubes 
may  be  written  in  the  following  form : 

Equation  (1):  //,  (Tube  C)  =  .,^7  H,-  (Tube  No.  6),  but  from  Fig. 

45. 


142  EXPERIMENTS    ON   FLOW    OF    WATER   IN    PIPES. 

TABLE  No.  m. 


Experimental  Section. 

Ratio  to  Brady 
gent. 

Tan- 

^  1 

(1) 

6    ■ 

I. 

II. 
III. 

IV. 

V. 

VI. 
VII. 

VIII. 
IX. 
X. 
XI. 
XII. 
XIII. 
XIV. 
XV. 
XVI. 

XVII. 
XVIII. 

XIX. 

XX. 

XXI. 
XXII. 

(3) 

t4 

s 
g 

fa 
(4) 

^« 

OS 

1- 

"o 

o 

(5) 

a) 
(6) 

1 

II  i> 

"ft       ul* 

■f  £     o^ 

•S  g     2  u 

S  1-1  i  "5   '' 
«°    >U 
o  -g 

IS 

(8)       (9) 

> 

P 

11 
(10)* 

dB 

Orleans  and  Scott  Comp.  C. . . 

1.6055 
0.2532 
1.8637 
1.0084 
1.5852 
0.2298 

1  &370 

239.0 

'l? 

0.8264 
1.3617 
0.8611 
1.5852 
0.9081 

1.3425 
0.8598 
1.3284 
1.0072 
1.1123 
0.9420 
1  .30.38 

48 

Orleans  and  Hale  Comp.  C 

Hale  St.  tangent 

Hale  and  Ku>pelle  60-ft.  R.  C 

1.4782 
0.7997 
1.5735 

143.6 

49. 
50 

0.8304 

0.1051.  183.4 

'm.i 

51 

53. 

Riopelle  and  Rowena  40-ft.  R. 
C 

1.3911 
0.8530 
1 .3168 

123.0 

5S 

1.2562 
1.3235 
0.1469 
1.1123 
1.0000 
1 .3038 

6.8564 

1.084    121.5 

5'l 

Rowena  and  Russell  25-f t.  R.  C 

Russell  tangent 

Russell  and  tsrady  small  C.  C. 

Brady  St.  tangent 

Brady  and  Rivard  15  ft.  R.  C. . 
South  Rivard  tangent 

105.4 

55 

56 

i.i409 
1.3626 

i  iosii 

1.1453 
0.9463 

49.6 

57 

0.9421 

0.1192 

115.9 

"ssio 

58. 
5P 

S. 2254  0.9635 
0.96601.0500 

1.0796  I  ()796 
3.0678  0.9504 
0  1736  1  4768 

0.9635 
1.0307 

0.1220 
0.1330 

114.6 
109.6 

60. 

Rivard  and  Alexandrine  10-ft. 

R.  C 

E.  Alexandrine  tangent 

34.6 

61. 
6" 

0.94835 

0.1201 

115.4 

63. 
M 

W.  Alexandrine  tangent 

Alexandrine  and  alley  6-ft.  R. 

C 

S.  Alley  tangent 

N.  Alley  tangent 

1  9257 
1.0706 

0.6471 
3.1003 

0.9416 
1.0706 

0.9044 
0.9658 

i'.im 

0.9416 

0.1192 

115.9 

"si'.i 

65. 
66. 

0.9044 
0.9658 

0.1145 
0.1223 

118.2 
114.4 



*  Column  10  gives  the  length  of  tangent  in  which  the  value  of  Hf  is  equivalent  to  the 
excess  resistance  found  in  200  ft.  or  80  diameters  of  pipe,  including  curve;  no  correction 
being  applied  for  the  effect  of  specials  or  roughness. 

T.         .       ,^v     T^T   /rr,  ■,     -VT     ^N       //,■  (in  Brady  Tan.) 
Equation  (2):  H^,  (Tube  No.  6)  =  -         4  QgQ^ -■ 

And  from  Fig.  67: 

Equation  (3) :  H^  (for  5J  ft.  of  pipe)  +  resistance  in  30-in.  gate  = 
H^  (Tube  C) 

2.376 
Substituting  values  from  (1)  and  (2): 

Equation  (4) :  Hj-  (5J  ft.  of  pipe)  +  30-in.  gate  resistance 
0.64   X   i:^;^  (Brady  Tan.) 
~  0.7157  X  4.0301  X  2.376' 
=  0.0934  Hj  (Brady  Tan.). 
To  eliminate  the  gate  resistance  from  the  5|  ft.  of  straight  pipe. 
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assiime  that  the  resistance  jjer  foot  of  straight  pipe  is  the  same  as  in 

/O  94  \ 

Brady  Street  tangent,  or  (^-^^^  =  0. 0047  j //^  (Brady  Tan.);  then,  re- 
sistance of  gate  =  (0.0934  —  5^  X  0.0047)  Hj.  (Brady  Tan.) 
=  0.06843  Hj.  (Brady  Tan. ). 
But  the  total  value  of  //^  for  Sec.  XVIII,  Fig.  62,  was  found  to  be 
0.1736  Hf  (Brady  Tan.)  in  1899.  This  section  is  23.51  ft.  long,  and  con- 
tains two  30  X  10-in.  Y's,  in  addition  to  the  same  30-in.  gate  for 
which  the  resistance  is  obtained  above.  Assuming  the  same  value  for 
//^  per  foot  of  straight  pipe,  the  resistance  in  one  30-in.  gate  and  two 
30  X  10-in.  Y's  is  computed  as  follows:  HyioT  23.51  ft.  of  straight  pipe 
=  (23.51  X  0.0047  =  0.1105)  Hj.  in  Brady  Tan. ;  therefore,  resistance  in 

\  ?^^  oA'^°'in*-^   x/'    !  =  (0.1736  —  0.1105  =  0.0621)  HAn  Bradv  Tan. 
I  two  30  X  10-in.  Y  »  \       ^  /     /  . 

The  two  results  do  not  agree,  and  aj^jjear  to  indicate,  either  that  the 
gate  resi-stance  observed  in  1901  is  too  great,  or  that  the  assumed  value 
of  Hj,  for  1  ft.  of  straight  pipe  is  too  low.  To  the  writers,  the  latter 
case  seems  the  more  j^robable.  However,  the  above  assumed  vahie  of 
Hj-  for  straight  pipe  is  also  the  value  actually  foiind  in  Sec.  XIX,  which 
follows  the  section  containing  the  gate  and  specials.  To  assume  a 
lower  value  of  Hj^  for  straight  pipe,  therefore,  leads  to  the  logical  con- 
clusion that  the  effect  of  gates  and  si^ecials  extends  into  the  following 
tangent  for  an  undetermined  distance,  and  that  the  resistance  observed 
is  less  than  the  total  resistance  caused.  Such  an  assumption  also 
takes  for  granted  that  the  observed  value  of  Hj.  on  tangents  is  a  mean 
value  only,  and  that  the  true  value  is  not  constant  for  the  entire 
length  of  tangent  observed.  If  it  is  farther  considered  that  the  maximum 
value  of  Hj- in  any  tangent  is  at  the  end  nearest  the  preceding  curve, 
and  equal  to  the  value  of  H^  found  in  the  curve  section,  then  the  mini- 
mum value  of  H^  in  the  tangent  Avill  be  at  the  end  farthest  from  the 
preceding  cui-ve  section,  and  will  be  as  much  below  as  the  maximum 
value  is  above  the  mean  observed  value  of  Hj,  if  the  value  diminishes 
at  a  uniform  rate.  On  this  basis,  from  Table  No.  28,  Column  5,  the 
least  possible  value  of  //,•  in  the  East  Alexandrine  tangent  would  be 
0.8212  X  Hj  in  Brady  tangent.  It  is  believed,  however,  that  //^  does 
not  diminish  uniformly,  but  rather  in  the  form  of  a  curve  concave 
upward.  The  extreme  limiting  values  of  Hj.  immediately  preceding 
the  30-in.  gate  are,  in  either  case,  0.82,  and  0.95  X  Hr  in  Brady 
tangent. 
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The  value  0. 86  has  been  selected  as  the  most  probable.  Computed 
as  before,  the  resistance  in  the  30-in.  gate  then  becomes  0.0698  Hy  in 
Brady  tangent,  and  the  resistance  for  the  same  gate  and  two  30  X  10-in. 
Y's  is  0.07251  Hfin  Brady  tangent. 

The  last  derived  values  do  not  include  the  resistance  which  takes 
place  in  the  following  West  Alexandrine  Street  tangent,  due  to  the 
gate  and  specials.  Retaining  the  value,  0,86  H,  Brady  Tan.,  as  the 
proper  coefficient  to  be  applied  to  straight  pipe,  the  additional  resist- 
ance of  the  gate  and  two  Y's  uiay  be  computed  from  the  observed 
value  of  Hj^  in  the  West  Alexandrine  Street  tangent  as  follows  : 

Length  of  tangent  =  409  ft. ; 

Observed  coefficient  per  200  ft.  =  0.9416; 

Assumed  value  per  200  ft.  of  straight  pipe  =  0.8600; 

Special  resistance  in  tangent 

/  0.9416  — 0.8600  x  409\ 


200  / 


H,.  in  Bradv  Tan. 


=  0.1669  ^in  Brady  Tan. 

These  values  are  to  be  regarded  as  approximations,  only. 

Accuracy  of  Work. — The  methods  adopted  in  conducting  the  in- 
vestigations aiforded  many  opportunities  to  check  the  accuracy  of  the 
work,  and  the  writers  themselves  have  often  been  surprised  at  the 
exceedingly  small  limit  of  error  found.  It  was  feared,  however,  that 
the  rating  of  Pitot  Tube  No.  6  might  be  somewhat  in  error,  especially 
as  the  tank  ratings  gave  results  so  entirely  at  variance  with  the 
rating  finally  adopted.  In  searching  for  an  opportunity  to  check  the 
accuracy  of  this  rating  it  was  recalled  that  on  the  night  of  August  6th 
and  7th,  1898,  Pitot  Tube  No.  3  was  read  on  center  at  Alexandrine  and 
Hastings  Streets,  while  the  resistance  in  the  Brady  Street  tangent  was 
observed  with  Gauge  No.  6  in  sperm  oil.  The  velocities  in  the  lower 
portion  of  the  series  were  obtained  by  ojjerating  the  Canfield  Avenue 
12-in.  blow-off.  To  produce  the  higher  velocities,  the  Hastings 
Street  10-in.  blow-off  was  also  opened,  but,  in  the  comparison  which 
follows,  the  higher  readings  are  rejected,  first,  because  it  was  feared 
that  the  proximity  of  the  Hastings  Street  blow-off  to  the  location  of 
the  Pitot  tube  (Fig.  68)  might  have  produced  a  somewhat  abnormal 
distribution  of  velocities  in  the  section  containing  the  tubes  ;  and 
second,  because  the  comparison  was  to  be  made  with  the  observations 
made  in  1899  between  Tube  No.  6  on  center  at  Alexandrine  and 
Hastings  Streets,  and  the  f rictional  loss  in  the  Brady  Street  tangent,  in 
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which  the  velocities  were  low  ;  thus  making  it  desirable  to  include  in 
the  comj^arison  only  the  lower  portion  of  the  former  series. 

From  Fig.  30,  ^f^f|^^  =  0.1525 (1) 


Fie   45       J^"A^:y> _  4  0301 

°      ^'  Hj.{B.K.  603)  -  ^•'J^"^- 


(2) 


The  coefficient  of  kerosene  at  60=^  Fahr.  =  4.895; 

"  "  "   sperm  oil"  72=     "       =8.833; 

from   which,  for   the   temi^eratures   here    given,  a   reading   taken    in 

4.895 
kerosene  =  ^rr^^s  X  sperm  oil, 

O.oOO 

=  0.5542 


SO'xlO  Y  Branch  s 


ARRANGEMENT  OF  SPECIALS  AT  HASTINGS  STREET. 
To  Sewer-, 


J^ 


lO' Blow-off  Gate 

on  this  line 


t' By-Pass^  ii'Cock      /I'Cock  for  Pilot  Tube, 
'  Vertlcml 


1  Cock  for  Pilot  Tub*, 
BorUoaul 


West 

Alexandrine  i 

Tangent 


Tangent 


Fig.  68. 


Substituting  and  transposing  in  Equations  (1)  and  (2) 


H,,iT.3)  =0.1525  Hj. 


0.5542 


H,. 


(3) 
(4) 


^'(^•^)=  4.0301 
From  Equations  (3)  and  (4)  the  ratio  of  the  value  of  //,,  observed 
by  both  tubes  becomes 

H,^T^  _  0.1525  X  4.0301  ^ 
H^iT.G)"         0.5542  '     '   ' 

But,  from  the  ratings,  the  coefficient  to  be  applied  to  //,.  observed 
by  Tube  No.  3  is  0.792,  from  which  the  coefficient  of  Tube  No.  6  must 
=  0.792  -^  1. 1092  =  0.7142,  and  the  coefficient  to  be  applied  to  velocities 
derived  from  Tube  No.  6  will  be  V  0^7142  =  0.845,  a  difterence  of  only 
0.001  from  the  accepted  rating.  This  check  is  considered  to  be 
remarkably  close,  being  made  between  observations  taken  nearly  a 
year  apart,  by  different  men  and  different  instruments ;  and  involves. 
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not  only  the  rating  of  tubes,  but  the  calibration  of  kerosene  and 
sperm  oil,  together  with  a  temperature  correction.  After  obtaining 
this  check  the  writers  feel  no  hesitation  in  claiming  for  the  experi- 
ments more  than  usual  accuracy. 

Sixteen- Inch  Cast-Iron  Pipe. 
Description  of  Line. 

Conditions. — In  1898  it  became  necessary  to  lay  about  1.1  miles  of 
16-in.  pipe  to  supply  the  rapidly  increasing  consumption  in  the  western 
part  of  the  city  and  the  proposed  water- works  system  of  the  adjoining 
village  of  Delray,  which  was  to  obtain  its  supply  from  Detroit.  During 
the  autumn  of  1898  several  series  of  experiments  Avere  conducted  on  a 
section  of  this  line  about  700  ft.  long,  containing  two  angles  of  90° 
each,  the  first  turning  to  the  left  and  the  second  to  the  right.  This 
part  of  the  paper  is  devoted  to  a  discussion  of  the  methods  used  and 
results  obtained  from  these  experiments.  All  the  16-in.  pipe  men- 
tioned by  the  writers,  unless  otherwise  designated,  will  refer  to  this 
700-ft.  section. 

Survey. — All  tangents  were  carefully  run  with  a  transit  on  offset 
lines,  care  being  taken  that  the  stakes  were  not  disturbed  during  the 
progress  of  the  work,  and  that  each  angle  was  exactly  90  degrees.  A 
bench-mark  was  established  near  by,  gi-ade  stakes  were  set  near  the  top 
of  the  trench  at  about  iO-ft.  intervals,  and  the  foreman  was  furnished 
with  a  list  of  the  ciittings  at  the  various  stakes  necessary  to  obtain  a 
level  grade. 

After  the  pipe  was  laid,  but  before  being  covered,  an  elevation  was 
taken  on  each  length.  All  horizontal  measurements  necessary  to  prop- 
erly set  the  various  piezometers  and  measure  the  lengths  of  tangents 
were  made  on  top  of  the  pipe,  before  being  covered,  with  a  new  100-ft. 
steel  tape,  and  careful  notes  of  the  same  preserved. 

Diameter  of  Pipe. — Eight  measurements  were  made  on  each  length 
of  pipe,  two  at  each  end  90°  apart,  and,  likewise,  two  12  ins.  from  each 
end.  A  12-in.  brass-trimmed  boxwood  rule  having  a  brass  slide  dove- 
tailed into  one  side  was  used  for  this  purpose,  and  all  readings  were 
taken  to  -fHj  in-  The  curves  were  measured  in  a  like  manner,  and 
measurements  were  taken  to  determine  the  accuracy  with  which  these 
castings  were  made.     The  dimensions  used,  as  to  radius  of  curvature, 
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however,  are  theoretical  ones,  as  the  castings  were  found  to  conform 
verv  closely  to  the  drawings  from  which  they  were  made.  In  all,  810 
ealiperings  were  taken,  and  the  mean  of  the  calipered  diameters  was 
used  for  all  computations  involving  diameter. 

Pipe  and  Curves. — The  pipe  was  of  the  regular  hub  and  spigot  pat- 
tern, quite  smooth  and  free  from  defects,  and  no  leaks  were  found  when 
it  was  tested  before  being  covered.  It  was  coated  and  tested  in  a 
manner  similar  to  the  30-in.  pipe  described  previously.  The  pipes  had 
a  glossy  appearance,  and.  were  quite  smooth,  although  there  was  some 
unevenness  due  to  the  coating. 

The  curves  were  not  as  smooth  as  the  straight  pipe,  and  were 
painted  with  two  coats  of  graphite  paint.  No  ridges  or  depressions 
existed,  but  the  surface  of  the  iron  felt  rough  to  the  hand.  Some 
trouble  was  experienced  in  putting  the  pieces  of  the  compound  curves 
together  properly,  and  it  is  probable  that  one  or  two  of  the  joints  were 
left  somewhat  "open."  Foremen  do  not  like  to  lay  compound  ciu'ves, 
although,  if  long  enough  to  be  properly  marked  out  by  the  engineers, 
no  difficulty  Tvill  be  encountered,  but  short  ones  usually  require  some 
solid  joints. 

TABLE  No.  30. — Plan  of  16-Inch  Experiments. 


» 

lO 

u 

m 

Date  and  series. 

1< 

5§ 
^1 

1 

u 

2 

'4 

s 

1 

1 

-u.^ 

£ 

-^c 

1^ 

>> 

NP. 

o-e 

>  « 

P^ 

£ 

< 

* 

1st:  Sept.  8,1898.. 

* 

&K. 

tK. 

2d     "      13,     "  .. 

* 

* 

^K. 

IK. 



3d     "      16,     "  .. 

* 

* 

^liir. 

6S. 

4th   "      17,     "  .. 

* 

6  6. 

7G. 
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K.  indicates  that  kerosene  was  used  in  gauge. 

O.        •'  '•    gasoline     "       "  " 

-S.  "  "    sperm  oil   "        "  " 

Numbers  6  and  7  refer  to  Differential  Gauges  Nos.  6  and  7. 


Pipe-Laying. — The  pipe  was  laid  by  an  experienced  Detroit  water- 
works foreman  and  pipe  gang.  No  bracing  was  necessary,  and  all  work 
was  very  carefully  executed.  The  ditch  was  about  6  ft.  deep,  in  quite 
dry  clay  ;  and  no  water  was  encountered  anywhere  on  the  work. 
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This  Pipe  shut  off  below 


Distani-e  from  Gate  at  E.  Line  Military 
to  P.  T.  at  Cavalr>-  and  Army  328.77.' 
From  Gate  at  E.  Line  of  Military-  to  Tap 
W.  of  Cavalry  220.59' 

Diameter  of  Pipe,  Arerage,  from 
Cavalry,  l(i,0263.' 

No.  of  Calibrations,  152. 


Maximum  Diameter  163^' 
)Iinimum         "         HH' 


CAVALRY    AVENUE 
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Piezometers. — Eight  corporation  cocks  (three  1-in.  and  five  |-in.) 
were  screwed  into  the  pipe  at  various  places,  with  a  tapping  machine; 
the  pipe  ends  of  the  latter  being  i^lugged  with  brass,  and  having  a  J-in. 
hole  tapped  through  the  plug.  All  but  two  were  set  vertically  on  the 
toiJ  of  the  pipe,  and  none  was  allowed  to  project  through  the  iron. 
Two  |-in.  cocks  were  set  at  the  extremities  of  the  horizontal  diameter, 
15|  ins.  up  stream  from  the  P.  C.  of  the  compound  cui-ve.  The  three 
1-in.  cocks  were  located  in  wells,  and  all  others  were  carried  to  the 
side  of  the  road  with  ^-in.  lead  pipe.  Each  was  provided  with  shut-off 
cock,   drain,  stop-box  and  stand-i^ipe. 

Experiments. 

Pipe  Data. — In  Fig.  69  are  shown  the  relative  positions  of  the 
tangents,  curves  and  juezometers,  together  with  calibrations  and  other 
general  information;  and  in  Table  No.  29  a  part  of  this  is  presented  in 
tabular  form,  together  with  the  coefficients  for  diameter  corrections. 
As  the  experiments  were  made  before  the  entire  line  and  connections 
were  completed,  it  was  possible  to  waste  large  quantities  of  water 
without  materially  affecting  pressures  in  the  surrounding  districts, 
and  a  mean  velocity  of  5.8  ft.  per  second  was  thus  attained. 

Series  Nos.  1,  2,  3  and  4. — A  jjlan  of  the  entire  experiments  is 
shown  in  Table  Xo.  30.  Pitot  Tube  No.  3  was  not  observed  in  the 
fourth  series,  as  it  was  necessary  to  use  the  1-in.  cock  through  which 
it  was  worked  as  the  western  piezometer  for  the  Army  tangent.  As 
Gauge  No.  6  was  read  on  Cavalry  and  Porter  Streets  in  the  first, 
second  and  fourth  series;  Tube  No.  3  on  the  .A_rmy  tangent  in  the  first, 
second  and  third;  Tube  No.  5  on  the  Porter  tangent  in  the  second, 
third  and  fourth,  and  Gauge  No.  7  on  Cavalry  and  Army  Streets  in  the 
fii-st  and  second  series,  it  was  believed  that  all  the  calibrations  and 
ratings  could  be  checked.  This  has  been  done  in  several  ways,  as  will 
be  shown  in  the  reditctions.  The  temperatu.res  during  the  four  series 
were  unusually  uniform,  and  in  the  various  comparisons  no  correc- 
tions were  made  to  reduce  to  a  uniform  temjierature. 

Table  of  Results. — All  readings  were  first  jjlotted  on  cross-section 
paper,  with  time  as  abscissas,  and  periods  selected  when  it  was  ap- 
parent that  a  uniform  condition  of  flow  had  become  established.  The 
readings  in  each  of  these  periods  were  averaged  into  observations,  and 
Table  No.  31  contains  the  detailed  results  from  such  averages,  together 
with  the  corrections,  reductions  and  logarithms  used  in  the  diagrams. 
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Reductions  of  Experiments. 

Diagrams  and  Explanations. — Fig.  70  shows  grai^hically  the  rela- 
tive Hj-  for  Cavalry  and  Army  Streets,  containing  a  90^  compound 
curve  of  2,  3  and  4-ft.  radius;  and  Porter  and  Cavalry  Streets,  con- 
taining a  90^  5-ft.  radius  curve,  together  with  corrections  for  diameter, 
the  length  In  each  case  being  220.29  ft. 

Fig.  71  shows  grajjhically  the  relative  H^  for  the  Army  tangent, 
and  Porter  and  Cavalry  Section,  containing  a  90-  5-ft.  radius  curve, 
together  with  the  corrections  for  diameter  and  length. 

Fig.  72  determines  the  relative  value  of  readings  taken  simul- 
taneously on  center  with  Pitot  Tubes  Nos.  3  and  5,  in  Series  1  and  2, 
and  has  been  used  to  determine  the  coefficient  of  Tube  No.  5. 

In  Fig.  73,  Hj,  in  inches  of  water  on  the  Porter  tangent,  is  plotted 
with  the  observed  H^,  at  center  by  Pitot  Tube  No.  3.  Before  blowing 
the  oil  out  of  the  differential  gauge  on  Porter  Street,  a  reading  of 
practically  zero  in  kerosene  was  ol:itained,  thus  proving  that  with  a 
condition  of  no  flow  H^  would  equal  zero.  As  it  is  known  that  the 
line  of  points,  as  plotted  on  the  diagram,  if  continued,  w^ould  pass 
through  the  origin  in  a  curved  line,  it  is  evident  that  Hj  does  not  vary 
as  H,.. 

To  determine,  for  the  Porter  tangent  and  Tube  No.  3,  the  value  of 
m  and  n,  in  the  equation  H^  =.  m  F„/',  when  F„,  =  mean  velocity,  the 
log.  of  U^  is  plotted  with  the  log.  of  F,„  in  the  usual  manner,  and  cor- 
rections made  for  diameter,  and,  for  purjioses  of  comparison,  m  reduced 
for  H/vsx  a  length  of  100  ft.  of  pipe  (Fig.  74). 

For  the  purpose  of  determiniog  the  value  of  n,  in  a  section  con- 
taining a  curve,  the  log.  of  H,-  for  Cavalry  and  Porter  Streets  (o-ft. 
radius)  is  plotted  with  the  log.  of  F,,,  from  Pitot  Tul)e  No.  5,  as  given 
in  the  second  series;  and  in  a  manner  similar  to  that  adopted  in 
Fig.  74,  TO  and  n  found  for  the  equation,  Hj^  —  m  F„,"  (Fig.  75). 

As  the  Hj  in  the  Porter  tangent  is  not  directly  comparable  with 
the  Hj-  in  any  other  section,  it  becomes  necessary  to  determine  its 
relative  frictional  resistance  by  means  of  Pitot  tube  observations. 
Although  it  has  been  shown  that  H,-  does  not  vary  as  Vj,  but  rather 
as  V„^-'^,  for  the  purpose  of  this  comparison,  owing  to  the  range  being 
about  the  same,  the  F„,  obtained  by  the  same  Pitot  tube,  the  Hf  in 
each  case  measured  in  kerosene,  and  the  temperatures  very  nearly 
uniform,  H^  is  plotted  with  observed  H^.  at  center  by  Tube  No.  3,  and 
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— ,  — 

25 
13 
10 
11 

6 
11 
28 

9 
67 

8 
19 

0.060 
0.060 
0.050 
0.060 
0.100 
0.160 
0.286 
0.261 
0.268 
0.250 
0.250 

0.0 

0.0 

0.0 

0.0 

0.060 

0.100 

0.286 

0.211 

0.206 

o.aoo 

0.200 

0.0 

4f 

........ 

0.0 

4^ 

1 

;---|--- 

0.0 

45 

. .. . 

0.0 

4f 

0.0066 

4^ 

0.0112 

4f 

0.0886 

45 

1, 

|.... 

0.0S8S 

5( 

' 

] 

o.oaw 

61 
5S 

1 

0.0225 

1 

j 

0.0226 

1 

' 
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TABLE   No.  31— (Contmiled). 


1 

Series  and 
date. 

PiTOT  Tube  No.  3  at  Army 
Tangent. 

PiTOT  Tube  No.  5  at  Porter 
Tangent. 

Differential  Gaugk 
No.       7.       Porter 
Tangent. 

6 
!3 

05 

Si 

o 

6 

9 
19 
12 

5 
15 
10 

8 
10 
12 
15 
18 

9 
10 
12 
26 

7 
12 
17 

3 
15 

■^  .•  to 

OJ  t^  ^i 

>  <»  2 

S  fl  O 

o 

be 

o 

O 
d 

9 
19 
49 

5 
15 
11 

8 
10 

^  t 

lu 

©Co 
CO  ®  fl 

o 

.a 

0! 

1 

a 
■3 

03 
<1> 

u 

6 
^ 

9 
19 
49 

5 
15 
11 

8 
10 
51 
15 
19 

.  1-' 

a;  es 

-a  ^  , 

k3 

53 

1.517 
1.934 
2.893 
2.870 
3.843 
4.835 
4.869 
5.895 
5.847 
6.682 
7.435 
8.944 
y.770 
8.727 
10.356 
11.327 

ii.aso 

7.735 
3.933 
0.000 

1.2.32 
1.390 
1.700 
1.694 
1.960 
2.199 
2.205 
2.428 
2.418 
2.585 
2.726 

2.1.36 
2.410 
2. 947 
2.940 
3.398 
3.813 
3.823 
4.210 
4.202 
4.481 
4.726 

0..3296 
0.3820 
0.4694 
0.4683 
0.5312 
C.5813 
0.5824 
0  6243 

2.089 
2  579 
3.996 
3.960 
5.327 
6.546 
6.788 
8.070 
8.080 
9.278 
in  ill 

5.311 
6.397 
9.494 
9.400: 
13.406; 
15.1.361 
15.325' 
18.120 
18.177 
20.867 
23.074 

0.72.52 

54 

0.8060 

55 

0.9774 

5fi 

69° 

0.9731 

57 



1.0936 

58 

1.1800 

59 

1.1854 

fiO 

1.2582 

61 

0  6235  51 

70° 

1.2595 

m 

0.6514 
0.6745 

14 

18 

1.3195 

m 

72i° 

1.3&31 

64 

11  12  Aid 

65 

2.960 
2.951 
3.218 
3.365 
3.321 
2.781 
1.987 
0.000 

5.1.32 
5.133 

5.580 
5.835 
5.759 
4.822 
3.449 

o.ooo 

0.7103 
0.7095 

11 
49 
24 
9 
45 
16 
14 
13 

12.555 
12.308 
14.383 
15.678 
15.691 
10.663 
5.236 
0.031 

10 
42 

36.710 
26.550 

1.4267 

66 

1.4241 

67 

6« 

69 

7n 

71 



7i>, 

73 

4th  Series. . . 

74 

Sept.  17,  1898 

9 
10 
7 
8 
9 
9 
9 
15 
13 
13 
13 
13 
13 
13 

,1 

19 

16 

12 

7 

11 

13 

!  9 

12 

13 

10 

8 

9 

8 

o.iii 

0.100 
0.129 
0.088 
0.311 
0.578 
0.789 
1.126 
1.946 
2.992 

75 

76 

( 

77 



78 

1 

79 

■  , 

80 

; 

81 

1 

82 

1 

83 

1 

84 

4.146 
5.700 
6.308 
6.885 
8.380 
8.694 
6.947 
4.075 
2.350 
1.243 
0.764 
0.462 
0.378 
0.250 
0  269 

m 

Tube  turned  180°  and 

baclf- 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

1 

96 

1 

97 

1 

9f 

95 

0.140 
0.138 
0.032 
0.062 

rnf 

101 

102 
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Differential  Gauge  No.  6. 

CAVALar  A.VL.  Porter. 

5-Ft.  Radius. 

Differential 
Gauge  No.  7.       1 
Cavalry  and  ARinl 

COMP. 

Differ  EXT  lAL    | 
Gauge  Xo.  7. 
Army  Takgekt. 

Differential  Gauge  No.  «. 
Horizontal  Piezometers. 

d 

1 

£ 

Observed 

1 

a 
1 

1 

Observed 

1 

OQ 

be  1 
d 

•a 
1 
O 

1 

d 

i 

s 
Q 

1 
1 

^. 

1 

9 
19 
49 

5 
15 
11 

8 
19 
51 
15 
19 

9 

■49' 
21 
9 
49 
17 
13 
10 

0.250 
0.210 
0.193 
0.170 
0.100 
0.063 
0.060 
0.000 
0.000 
0.033 
0.087 
0.115 
0.191 
0.147 
0.083 
0.033 
0.012 
0.097 
0.157 
0.015 

0  200     0  0225 

54 

1 

1 

0  160     0  0181 

55 

1 

67° 

0  143     0  0161 

56 

' 

0  120     U  0135 

57 

' 

0  050     0  0066 

58 

1 

0  013     0  0014 

59 

0  000     O.OOCO 

60 

—0. (BO —0.0066 

61 

69° 

— 0  060— 0  0068 

«2 

—0.017  —0.0019 

68 

0  037     0  0041 

64 

0.065     0  0073 

65 

73° 

'ra 



■76^ 

0.141      0.0161 

66 

ii 

0.097     0.0109 

67 

11 

_0  017  —0.0019 

» 

U.Oil     0.0087 

m 

_0.0:« —0.0043 

70 

0.OJ7     0.0058 

71 

0.107     0.0121 

72 

-0.005  -0.0006 

73 

81° 
'82° 

.... 

11 

9 

10 

7 

8 

9 

9 

7 

13 

10 

9 

11 

13 

13 

11 

21 

12 

15 

8 

19 

7 

9 

13 

9 

12 

13 

10 

8 

9 

8 

—0.086 
—0.106 
—0  140 

2 

7 

10 

7 

8 

9 

9 

9 

15 

13 

13 

13 

13 

12 

13 

21 

17 

15 

8 

17 

6 

11 

13 

9 

12 

13 

10 

8 

10 

A 

0.200 

0.214 

0.275 

0.514 

0.919 

1.933 

3.000 

4.528 

6.023 

9.546 

13.100 

17.515 

17.335 

21.904 

26.213 

25.910 

29.588 

22.077 

13.975 

6.506 

5.114 

3.427 

2.315 

1.639 

1.250 

1.250 

0.885 

0.600 

0.020 

0.017 

74 

75 

76 

0.193 
0.625 

77 

78 

1.672 

2.T72 

4.507 

6.169 

9.800 

13.855 

18.810 

19.108 

23.700 

28.291 

28.212 

32.317 

24.127 

15.050 

9.310 

5.414 

S.633 

2.454 

1.778 

1.200 

1.300 

0.900 

0.£63 

—0.050 

—0.006 

79 

80 

81 

82 

88 

84 

85 

1 

86 

' 

87 

...                I 

88 

79° 

1 

89 

90 

1 

91 

« 

W 

94 

78° 

..."i:::: 

95 

' 

1 

96 

97 

98 

.1 

99 

100 

101 
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the  relation  between  them  determined  in  each  case.  "When  corrected 
for  diameter  and  reduced  to  a  uniform  length  of  220.29  ft.,  the  ratio 
between  the  results  obtained  is  the  relative  loss  of  head  in  equal 
lengths  of  Porter  tangent  and  Porter  and  Ca%-alry  section,  containing  a 
5-ft.  radius  curve  (Fig.  76). 

Fig.  77  shows  graphically  the  difference  in  pressure  measured  at 
two  i^iezometers  at  the  opposite  extremities  of  the  horizontal  diameter 
of  the  16-in  pipe,  15f  ins.  ui)-stream  from  the  P.  C.  of  the  compound 
curve,  i)lotted  with  the  mean  velocities  of  flow  as  abscissas.  No  dif- 
ference was  observed  until  a  velocity  of  about  1.30  ft.  was  reached, 
after  which  a  very  iieculiar  condition  of  affairs  was  found  to  exist. 
Whether  these  changes  of  pressure  are. due  to  the  up-stream  curve, 
213  ft.  away,  to  the  down  stream  curve,  15f  ins.  away,  or  to  the  6-in. 
branch,  the  center  of  which  is  9  ins.  down  stream,  it  is  not  jDossible  to 
say;  nor  is  it  clear  that  the  changes  are  the  results  of  the  impacts  of 
oblique  currents  at  the  high  side,  rather  than  of  the  diminution  of 
pressure  due  to  increased  velocity  in  the  layers  of  water  next  the 
opening  on  the  low  side;  but  the  experiment  establishes  the  fact  that 
the  pressures  recorded  by  orifices  in  the  pipe  wall  are  not  necessarily 
the  same  at  all  points  around  the  circumference  of  the  same  cross- 
section. 

Conclusions. — From  Figs.  74  and  75,  by  means  of  Tube  No.  3  in 
the  first,  and  Tube  No.  5  in  the  second  (Hj.  in  inches  of  water  and  H^ 
in  inches  of  kerosene),  the  following  values  are  derived,  after  correc- 
tions are  made  for  diameter: 

Hj  for  100-ft.  Porter  Tangent  =  0.02141  F„,  ^•^^'^. 

Hj.  "     "     "  Porter  and  Cavalry  5-ft.  Radius  =  0.02395  V^^-^*. 

By  means  of  Fig.  76,  however,  it  was  found  that  for  equal  lengths, 
Porter  Tangent        ^  ^  g^^g 
Porter  and  Cavalry 
0.02395  X  0.9045 


_  =  101.2  or  there  is  a   difference   of 

1.2  %,  due  to  discrepancies  in  calibrations,  ratings,   measurements, 
diameters,  etc. 

Hj.  is  found  to  be  slightly  gi-eater  in  the  Porter  tangent  than  in  the 
Army  tangent,  which  is  accounted  for  by  the  fact  that  the  former  con- 
tained a  16-in.  gate,  16  X  6-in.  cross,  and  Pitot  Tube  No.  5  extending 
to  the  center  of  the  jnpe. 
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In  Table  No.  32  are  given  the  relative  losses  of  head  for  the  various 
experimental  sections  (reduced  to  a  uniform  length  of  220.29  ft.),  the 
values  of  m  in  the  equation,  H^  =  vi  F,„  '•'^^ ,  for  the  two  tangents,  and 
the  values  of  c,  in  the  Chezy  formula,  at  velocities  of  1,  2,  3,  4  and  5  ft. 
per  second. 

From  the  relative  values  of  Hj,  assuming  the  Army  Street  tangent 
as  a  standard,  the  resistance  introduced  by  a  90^  5-ft.  radius  curve, 
16  ins.  in  diameter,  appears  to  be  equivalent  to  the  resistance  in  26.35 
ft.  of  16-in.  straight  pipe,  and  the  resistance  in  the  compound  radius 
curve  to  that  in  30.03  ft.  of  16-in.  straight  pipe;  and,  on  the  samebasis, 
the  total  resistance  due  to  one  gate,  one  16  X  6-in.  cross,  and  Pitot 
Tube  No.  5  extending  to  the  center  of  the  i?ipe,  -would  be  equivalent 
to  6.35  ft.  of  straight  jaipe.  These  values,  if  correct,  apply  to  all 
velocities,  and  are  indejDendent  of  the  values  of  c  in  the  Chezy  for- 
mula. 


TABLE  No.  32. — Results  of  16-Inch  Pipe  Experiments. 

Comparative  if^  and  Hj.  per  I  000  ft.,  with  corresponding  values  of 
c  (Chezy  Formula). 


Location. 

Relative  values 

of  Hf  for 

i  =  220.29  ft. 

"Value  of  m  in 

fl^  =  m  F"  in 

feet  of  water 

per  1  000  ft. 

n  =  1.857 

Values  of  c,  in  V  =  <•  v''''  s. 
FOR  Given  Values  op  V. 

1 

^ 

3 

4- 

132.2 
181.3 

5 

Army  Tan 

0.8932     1.0000 

0.2114 
0.2141 

119.3 
118.3 

125.8 
124.7 

129.4 
128.5 

134.5 

Porter  Tan 

0.9045 
1.0000 
1.0150 

1.0127 
1.11% 
1.1363 

133.6 

Cavalry  and  Porter  5-ft.  Rad. 
Cavalry  and  Army,  comp 

T"welve-Inch  Cast-Iron  Pipe. 
Description  of  Line. 
Cot«7i7jow.s.— The  village  of  Delray  is  adjacent  to  and  southwest  of 
Detroit,  on  the  Detroit  River.  Its  population  in  1898  was  approxi- 
mately 2  000,  and  was  rapidly  increasing.  Several  large  manufacturing 
establishments  were  located  within  its  limits,  with  prospects  of  more 
in  the  near  future,  and,  in  order  to  maintain  i)roper  tire-i)rotoctiou  and 
provide  a  liberal  water  supply  for  domestic  use,  a  system  of  works  was 
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installed,  construction  beginning  in  July,  1898,  and  final  connections  at 
the  pumps  being  completed  in  the  spring  of  1899.  The  supply  of 
water  was  obtained  from  Detroit,  at  a  pressure  of  about  28  lbs.,  by 
laving  a  12-in.  cast-iron  main  from  the  city  limits  through  a  portion 
of  Delray  to  the  boiler  house  of  the  Solvay  Process  Company,  a 
distance  of  about  li  miles,  where  two  6-in.  meters  were  installed, 
and  the  water,  after  passing  through  these  meters,  entered  the  Delray 
system. 

This  12-ui.  supply  line  was  laid  without  any  side  connections  what- 
ever, and  no  taps  were  allowed  to  be  made  to  it,  its  object  being  to 
supply  water  to  the  fire-pumps  at  the  Solvay  plant,  where  steam  is 
obtainable  at  all  times,  day  and  night.  All  experiments  on  l2-in.  pipe 
discussed  in  this  paper,  unless  otherwise  noted,  were  made  on  this 
main. 

Survey. — The  route  of  the  12-in.  pii)e  line  was  carefully  staked  by 
transit  on  ofiset  lines  sufficiently  to  the  side  to  insure  the  line  stakes 
remaining  until  after  the  jjipe  was  laid.  In  all,  five  angles  were  intro- 
duced, two  of  which  were  exactly  90^,  and  in  the  remaining  three 
the  tangents  were  swung  slightly  to  also  make  right  angles,  in  one  case 
just  before,  and  in  two  cases  immediately  after,  lea'S'ing  the  experi- 
mental station. 

All  linear  measurements  were  carefully  made  with  a  new  100-ft. 
steel  tape,  and  it  is  believed  that  no  appreciable  eri'ors  were  made  in 
measuring  the  length  of  either  tangents  or  curves.  The  levels  were 
carefully  run  and  checked,  and  bench-marks  were  established  about 
every  1  000  ft.  During  pipe  laying,  grade  stakes  were  set  at  about  4:0-ft. 
intervals,  and  each  pipe  was  lined  and  leveled  as  carefully  as  could  be 
done  by  experienced  pipemen  under  fairly  good  conditions.  After 
being  laid  and  caulked,  an  elevation  was  taken  on  each  pipe  near  the 
spigot  end,  or,  an  elevation  for  every  joint.  The  highest  length  of  pipe 
in  any  of  the  experimental  sections  was  found  to  be  0.11  ft.  above 
grade,  and  the  lowest  0.10  ft.  below  grade,  which  may  be  considered 
very  good  work,  inasmuch  as  a  part  of  the  trench  was  in  quicksand. 
Although  the  entire  line  is  not  level,  each  section  experimented  upon 
was  laid  at  a  level  grade. 

Pipe  laying  was  begun  (see  Fig.  78)  at  Artillery  Avenue,  and  con- 
tinued through  on  South  Street,  and  thence  on  Exposition  Avenue 
and  River  Road,  and  a  short  distance  in  the  Solvav  Process  Com- 
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pany's  grounds,  in  tlie  summer  and  fall  of  1898,  by  one  gang  of  men 
under  the  same  experienced  foreman;  the  work  was  therefore  of 
uniform  character. 

Diameiei-s  of  Pipe. — Before  being  placed  in  the  ditch,  each  length 
of  pipe  was  calipered  in  eight  places,  at  each  end  on  two  diameters  at 
right  angles  with  each  other,  and  similarly  12  ins.  from  each  end.  In 
short  pieces,  only  the  end  caliperings  were  taken.  A  10-in.  brass- 
bound  boxwood  rule  having  a  thin  brass  slide  dove-tailed  in  one  side, 
and  reading  to  jV  in.,  was  used.  The  entii-e  12-in.  line  was  calipered 
in  this  way,  and,  although  some  of  the  stretches  of  tangents  have 
never  been  used  for  experimental  i^urposes,  it  was  thought  best  at 
that  time  to  leave  no  gajis,  as  any  part  might  sometime  be  needed. 
Altogether,  4  349  caliperings  were  taken.  Each  pipe  was  numbered 
with  white  lead  before  being  calipered,  and  in  all  subsequent  levels 
and  locations  was  referred  to  by  this  number.  The  caliperings  were 
made  on  the  curves  in  the  same  manner  as  on  the  straight  pipe,  and  a 
template  was  cut  to  fit  some  of  the  curves  to  test  their  radius. 

Pipes  and  Curves.  — The  pipes  were  of  the  regular  hub  and  spigot 
pattern,  cast  bell  uj),  and  -/o  in.  in  thickness.  They  were  coated  and 
tested  in  a  manner  similar  to  the  30-in.  jiipe.  The  coating  gave  the 
pipe  quite  a  shiny  a^jpearance,  and  most  of  the  roughness  of  surface 
seemed  to  be  due  to  slight  inequalities  in  the  tar  coating. 

The  curves  were  good  smooth  castings,  about  the  same  as  the 
straight  pipe,  and  were  painted  with  two  coats  of  graphite  paint, 
which  gave  a  good  finish,  although  not  as  glossy  as  found  on  the  pipe. 

Pipe  Laying. — The  soil  encountered  was  mostly  gravel,  with  some 
sand  and  clay  near  Artillery  Avenue.  At  Reid  Street  the  bottom  of 
the  trench  was  damp;  at  Schroeder  Avenue  water  was  first  noticed, 
and  from  there  to  the  Eiver  Road  from  2  to  10  ins.  of  water  would 
rise  over  night  in  the  trench.  Bell  holes  were  dug  for  caulking,  and 
hand  pumps  were  provided  to  keep  the  trench  as  dry  as  possible,  all 
joints  being  made  in  the  trench.  The  water  caused  considerable  caving, 
and  on  South  Street,  near  Exposition  Avenue,  the  trench  was  fully  12 
ft.  wide  on  top  and  7  ft.  deep.  After  being  laid  and  caulked,  but 
before  being  covered,  a  test  of  80  lbs.  per  square  inch  was  applied,  and 
all  sand  holes  or  joints  found  sweating  were  properly  attended  to. 

Piezometer.^.— Tvfo  kinds  of  piezometers  were  used  on  this  line,  the 
locations  of  which   are  shown   on    Fig.    78.     The    |-in.    taps    were 
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ordinary  |-in.  brass  corporation  cocks,  plugged  with  brass,  flush  at 
the  end,  and  a  J-in.  hole  drilled  through  the  plug  in  the  center. 
These  were  tapped  into  the  pipe  with  an  ordinary  Mueller  tapping 
machine,  care  being  taken  that  the  inner  end  of  the  cock  should  not 
project  into  the  pipe  beyond  the  inside  surface  of  the  iron,  and  that 
the  taps  be  located  exactly  on  top  of  the  pipe.  In  four  cases,  how- 
ever (see  12-in.  "  piezometer  "  on  Fig.  78  for  location,  and  Figs.  79 
and  80  for  details),  a  special  piezometer  casting  was  set.  Pressures 
were  obtained  through  sixteen  holes  opening  from  the  circumference 
of  the  pipe  into  a  chamber,  which  in  turn  was  connected  with  a  |-in. 
lead  pipe  carried  to  the  side  of  the  road,  in  the  same  manner  as 
described  and  shown  in  Fig.  16.  The  |-in.  taps  likewise  were  carried 
clear  of  the  roadway.  Two  of  the  large  piezometers  were  set  on  the 
South  Street  tangent  exactly  2  000  ft.  apart,  and  a  |-in.  lead  pipe 
was  carried  on  top  of  2  x  4-in.  hemlock  strips,  laid  on  the  pipe,  from 
each  of  these  piezometers  to  a  point  midway  between  them,  and  thence 
to  the  side  of  the  road.  At  a  point  equally  distant  from  these  piezom- 
eters, a  |-in.  cock  with  a  J-in.  opening  was  inserted,  and  it,  too,  was 
carried  to  the  side  of  the  road  near  the  |-in.  lead  connections. 

Three  connections  were  thus  brought  side  by  side,  one  being 
connected  with  a  |-in.  lead  pipe  leading  1  000  ft.  east,  one  in  a  like 
manner  leading  1  000  ft.  west,  and  a  third,  a  i-in.  lead  pipe,  to  a  tap 
exactly  midway  between.  Fig.  80  shows  the  arrangement  of  pijjes  at 
Schroeder  and  South  Streets,  which  is  the  center  of  the  2  000-ft. 
tangent.  No  trouble  from  freezing  any  of  the  connections  along  the 
12-in.  line  has  occurred  to  date,  March,  1901. 

Experiments. 

Pipe  2>a^(i(. —Tables  Nos.  33  and  33a  give  the  location,  sizes  and 
lengths  of  the  various  12-in.  curves  and  tangents  experimented  upon, 
together  with  the  proper  correction  for  slight  differences  in  calibra- 
tions, in  order  to  bring  all  to  a  uniform  diameter  of  12  ins.  It  will  be 
observed  that  the  sizes  are  very  uniform. 

Table  No.  35  gives  the  general  synopsis  of  the  experimental  work 
carried  on,  together  with  locations  of  the  gauges  and  Pitot  tubes  for 
each  series. 

First  and  Second  Series.— Early  in  October,  1898,  preparations  were 
made  to  begin  experimental  work,  and  most  of  the  instruments  were 
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TABLE  No.  33a. 
12-Inch  Line.     (See  Figs.  78,  79  and  80.) 

Feet. 

From  P.  I.  of  preceding  curve  to  B.  O.  on  ArtiUery  Ave 3  110.6 

"     B.  O.  on  Artillery  Ave.  to  center  of  gate  at  Artillery  Ave.  and  South  St.      282.2 
"     center  of  gate  at  Artillerj'  Ave  and  South  St.  to  first  piezometer  of  4-ft. 

radius  cur\'e  section 1.467 

"     first  to  second  piezometer  of  4-ft.  radius  curve  section 100.00 

'■     second  piezometer  of  4-ft.  radius  curve  section  to  center  of  gate  at 

Crawford  St 441 .7 

•  gate  at  Crawford  St.  to  gate  at  Reid  St 373.8 

•  gate  at  Reid  St.  to  fii  st  piezometer  of  2  OOO-ft.  tangent 25.75 

"     first  to  middle  piezometer  of  2  OOO-ft.  tangent 1  000.0 

"     middle  to  last  piezometer  of  2  OOO-ft.  tangent 1  000.0 

••     last  piezometer  of  2  OOO-ft.  tangent  to  center  of  gate  at  Kercheval  St 68.0 

"     gate  at  Kercheval  St.  to  gate  at  Exposition  Ave 591 .2 

'•     center  of  gate  at  Exposition  Ave.  to  first  piezometer  of  1.08-ft.  radius 

curve  section 1 .457 

■■     first  to  second  piezometer  of  1.08-ft.  radius  curve  section,  South  St.  and 

Exposition  Ave 100.0 

••     second  piezometer  of  1.08-ft.  radius  curve  section  to  center  of  gate  at 

St.  Clair  St 557.7 

•■     center  of  gate  at  St.   Clair  St.  to  first  piezometer  of  first  3-ft.  radius 

curve  section 635.4 

first  to  second  piezometer  of  first  3-ft.  radius  curve  section,  Exposition 

Ave.  and  River  St 100.0 

••     second  piezometer  of  first  3-ft.  radius  curve  sectioc  tol2x  3-in.  Tee  (near 

B.C.) 33.0 

"     12  X  8-in.  Tee  (near  B.  O.)  to  center  of  12-in.  gate 2.61 

•'     center  of  12-in.  gate  (near  B.  O.)  to  first  piezometer  of  second  3-ft.  radius 

curve  section 284.4 

••     first  to  second  piezometer  of  second  3-ft.  radius  curve  section.  River  St. 

and  Solvay  Grounds 100.0 

■■     second  piezometer  of  second  3-ft.  radius  curve  section  to  first  piezometer 

of  2-ft.  radius  curve  section 810.4 

'•     first  to  second  piezometer  of  2-ft.  radius  curve  section.  Solvay  Grounds.      100.0 
•'     second  piezometer  of  2-ft.  radius  curve  section  to  P.  I.  of  90°  bend,  near 

meters 78.3 

stored  in  a  building  near  where  the  work  was  to  be  conducted.  It  was 
not,  however,  until  November  4th  that  the  first  series  was  obtained, 
and  it  Avas  then  found  that  Mercury  Gauge  No.  2  had  burst,  from  freez- 
ing, and  could  not  be  used  on  this  work. 

At  this  time  the  meters  had  not  yet  been  set,  and  the  velocities  in  the 
first  series  were  read  with  Pitot  Tube  No.  3  vertical  and  Gauge  No.  8, 
at  Kercheval  and  South,  in  the  piezometer  special  at  the  lower  end  of 
the  2 OOO-ft.  tangent;  and  in  the  second  series,  in  jjiezometer  special  at 
the  upper  end  of  the  2  OOO-ft.  tangent,  near  Eeid  and  South  Streets. 
The  Pitot  tube  connection  in  the  upper  piezometer  (Reid  and  South 
Streets)  is  25  ft.  9  ins.  below  a  12-in.  gate,  and,  although  all  gates 
were  taken  apart  shortly  after  the  Une  was  laid,  and  examined  to  see 
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that  the  discs  would  rise  enough  to  give  a  clear  opening,  the  Pitot 
tube  readings  taken  here  show  a  very  peculiar  distribution  of  veloci- 
ties, which  has  already  been  discussed. 

At  the  piezometer  special  at  Kercheval  and  South  Streets,  no  Pitot 
tube  observations  were  taken  with  the  tube  placed  in  the  pipe  hori- 
zontally, owing  to  the  water  in  the  well  standing  at  the  top  of  the 
12-in.  pipe,  and,  although  it  could  be  lowered  somewhat,  the  hand 
pumps  were  unable  to  keep  the  well  clear.  It  had  been  the  intention 
to  make  Pitot  tube  observations,  both  horizontally  and  vertically,  to 
better  determine  the  distribution  of  velocities,  but,  on  account  of  the 
water,  it  was  imj)ossible  to  do  this. 

Gasoline  was  used  in  the  differential  gauges  for  these  series  instead 
of  kerosene,  which  has  since  been  found  to  be  more  satisfactory  for 
ordinary  use,  and  one  of  these  gauges  was  placed  on  the  13-in.  radius 
curve  at  Exposition  and  South  Streats;  the  intention  being  to  have  one 
always  at  this  point,  and  to  move  the  other  from  place  to  place. 

TABLE  No.  35. — Gexeral  Plan  of  Expekimexts  on  12-Inch 
Cast-Ikon  Pipe. 
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Third,  Fourth,  Fifth,  cuid  Sixth  Series.— BuTing  the  spring  of  1899, 
all  final  connections  were  completed,  and  on  June  7th,  8th,  and  9th, 
experimental  work  was  carried  on  with  Gauges  Nos.  6  and  7,  filled  with 
kerosene.  One  of  the  6-in.  meters.  No.  lie;  728,  was  entirely  closed, 
and  all  water  passed  through  No.  116  727,  which  was  read  to  the  nearest 
cubic  foot  each  minute. 
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Notes  of  TrorA'.— To  iiroperly  understand  tlie  manner  in  which'the 
water  was  wasted,  attention  is  again  called  to  Fig.  78.  In  the  first  and 
second  series  the  water  passed  through  the  12-in.  pipe  until  it  reached 
the  12  X  8-in.  tee  at  the  blow-off',  thence  out  of  the  blow-off  gate  into  a 
24-in.  sewer.  In  the  third,  fourth,  fifth  and  sixth  series  the  water 
passed  through  the  12-in.  pipe  to  the  meter,  through  the  meter  and 
back  in  the  10-in.  pipe  to  the  10  x  8-in.  blow-off  tee,  thence  out  of  the 
same  blow-off  gate  as  in  the  first  and  second  series.  In  each  case  the 
necessary  gates  to  obtain  this  result  were  opened  and  closed  at  the 
blow-off,  and  all  regulations  of  flow  were  made  with  the  8-in.  blow-off 

gate. 

The  observations  made  in  Delray  were  consideied  good  at  the  time 
thev  were  taken;  the  gauges  worked  well,  no  trouble  was  experienced 
with  leaks,  and,  all  in  all,  the  general  results  seemed  to  be  very 
satisfactory. 

Before  beginning  work  in  1899,  the  lines  were  thoroughly  flushed,  to 
remove  any  sediment  which  might  have  collected  in  the  bottom  of  the 
pipe. 

Six-Inch  Meier. — The  following  general  description  of  the  meter  used 
is  taken  from  the  manufacturer's  catalogue.* 

"The  displacing  or  measuring  member  consists  of  a  plain  flat 
disc  having  a  ball  and  socket  bearing,  and  is  adapted  to  oscillate  in  a 
chamber  comprised  of  two  sections  joined  together,  in  which  each  of 
the  inside  faces  approximates  the  frustum  of  a  cone;  the  exterior  con- 
fining wall  assuming  the  form  of  a  circular  zone.  The  disc  has  a 
single  slot  projecting  radially  from  the  ball,  which  embraces  a  fixed 
metallic  diaphragm  set  within  and  crosswise  of  one  side  of  the  cham- 
ber, the  discs  being  thus  prevented  from  rotating;  but,  when  it  is 
caused  to  oscillate  in  contact  with  the  cone  frustums,  the  chamber, 
by  these  means,  is  divided  into  sub-compartments  or  measuring 
spaces.  Now,  if  the  ports  of  ingress  and  egress  are  propei'ly  dis- 
posed on  opposite  sides  of  the  diaphi-agm,  the  disc  will  act  as  its  own 
valve." 

The  size  used  in  these  experiments,  6-in.,  has  "  an  advised  maximum 
duty  of  100  cu.  ft.  per  minute,  but  it  may  be  operated  at  forced  flows 
of  120  cu.  ft.  per  minute."  The  highest  quantity  recorded  during  the 
work  was  108.43  cu.  ft.  per  minute,  in  the  fourth  series. 

At  the  time  the  experimeats  were  made,  it  was  supposed  that  a 
rating  at  different  velocities,  determined  from  the  result  of  experiments 
*  Catalogue  of  the  Thomson  Meter,  received  in  1900. 
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made  to  ascertain  the  accuracy  of  the  various  sizes  under  different  con- 
ditions of  flow,  coald  be  obtained  from  the  manufacturer.  The  writers, 
however,  have  not  been  able  to  obtain  such  a  rating. 

Reductions. 

Partial  Log  of  Results. — All  observations  taken  in  the  field  were 
plotted  directly  on  cross-section  paper,  20  ins.  wide,  ruled  ten  to  1  in. 
The  abscissas  were  divided  to  represent  time,  and  the  ordinates  to 
various  scales,  to  graphically  show  readings  of  all  gauges  taken 
simultaneously.  Fig.  M  shows  the  original  plotting  of  the  work  of 
the  afternoon  of  June  8th,  sixth  series,  which  is  self-explanatory. 
If  there  was  any  difference  in  time,  as  shown  by  the  different 
observer's  watches,  it  became  evident  on  these  sheets,  and  did  not 
interfere  with  the  reductions.  Whenever  it  was  ajjparent  from  the 
lines  drawn  that  equilibrium  had  become  established,  an  observation 
was  averaged  and  the  result  was  placed  on  the  diagram. 

.Table  of  Results,  Complete. — In  Table  No.  34  the  results  for  all  series 
are  given,  as  averaged  by  aid  of  the  jalotted  sheets  from  the  field  notes, 
without  a  change  or  correction,  together  with  corrections  and  altera- 
tions as  made  by  the  writers,  and  necessary  logarithms  to  properly 
understand  the  diagrams  which  follow. 

Diagrams  and  Explanations. — In  Fig.  82  a  comparison  is  made 
between  /^,  in  inches  of  water  at  60^  Fahr. ,  in  the  13-in.  radius  mirve, 
and  Hj.,  in  the  4-ft.  radius  curve,  first  series,  and  the  equation  found  by 
means  of  centers  of  gravity. 

In  Fig.  83,  H  in  the  13-in  radius  curve,  in  inches  of  kerosene  at  60° 
Fahr.,  is  compared  with  Hj. in  the  3-ft.  radius  curve  at  Exjjosition  and 
River  Streets,  which  is  also  in  kerosene  at  60^  Fahr. ,  fourth  series, 
and  correction  is  made  for  diameter  :  likewise  Hj,  in  the  13-in.  radius 
curve,  kerosene  at  60^  Fahr.,  is  compared  with  //^in  the  3-ft.  radius 
curve  at  River  and  Solvay,  kerosene  at  60^  Fahr.,  fifth  series;  and  Iff 
in  the  13'in.  radius  curve,  kerosene  at  60^  Fahr.,  with  //^  in  the  2-ft. 
radius  curve,  kerosene  at  60^  Fahr.,  sixth  series. 

As  the  results  obtained  in  Figs.  82  and  83  are  relative,  and  the 
addition  or  subtraction  of  a  constant  from  a  series  of  any  of  the  obser- 
vations would  not  alter  the  slope  of  the  lines  indicated  on  these  dia- 
grams, the  ijoints  plotted  are  observations  derived  directly  from  the 
original  readings,  with  no  corrections  applied  except  for  temperature. 


176  EXPERIMENTS    ON    FLOW    OF   WATER   IN    PIPES. 

In  Fig.  84  the  ratio  of  Hj,  in  the  2  000-ft.  tangent,  expressed  in  inches 
of  water  at  60°  Fahr.,  first  and  second  series,  with  the  Hj,  of  the  13-in. 
radius  curve,  in  inches  of  water  at  60°  Fahr. ,  first  and  second  series, 
are  plotted,  and  the  equation  determined.  There  seems  to  be  no 
evidence  that  the  average  line  of  points  could  be  represented  better 
bv  a  curve  than  a  straight  line,  as  shown  on  the  diagram,  and  it 
may  therefore  be  safely  predicted  that  the  value  of  n,  in  the  equation 
Hr  =  in  V",  wdll  be  found  to  be  very  nearly  the  same  in  straight  pipes 
and  curves. 

Pitot  Tube  and  Meter. — In  Fig.  85  the  corrected  center  velocities,  as 
reduced  from  observations  by  Pitot  Tube  No.  3  at  Kercheval  and  South 
Streets,  third,  fourth  and  fifth  series,  are  plotted  with  the  mean 
velocity  as  recorded  by  the  6-in.  meter. 

The  points  are  averaged  as  a  straight  line,  although  this  line  does 
not  pass  exactly  through  the  origin.  Five  of  the  points  plotted  were 
obtained  in  the  thiid  series,  and  it  will  be  seen  by  referring  to  Column 
42  that  Gauge  No.  9  failed  to  come  to  about  zero  when  the  12-in.  line 
was  very  nearly  closed  off.  The  correction  necessary  to  be  applied, 
Column  43,  — 0.148  in.,  was  determined  by  carefully  plotting  the 
observed  readings.  Column  42,  with  Hj.  in  the  west  and  east  1  000-ft. 
tangents,  Columns  56  and  62,  and  estimating  the  distance  necessary  to 
move  the  line  so  obtained  in  order  to  cause  it  to  pass  through  the 
origin. 

The  slope  of  the  line  indicates  that  the  ratio  of  mean  velocity 
( ^m)  ^y  meter,  to  the  true  center  velocity,  as  found  by  the  Pitot 
tube  at  Kercheval  and  South  Streets,  is  0.842.  As  has  been  previously 
demonstrated,  under  the  heading  "  Pitot  Tubes,"  the  ratio  of  center 
velocity  to  mean  velocity,  determined  by  the  various  Pitot  tubes,  is 
0.84,  or  practically  the  same  as  given  here. 

It  will  thus  be  seen  that,  by  two  entirely  different  and  dissimilar 
methods  of  measurement,  the  discharge  of  this  pipe  coincides  within 
i  of  1  per  cent. 

All  the  results  obtained  on  //„  in  Series  3,  4,  5  and  6,  were  plotted 

with  2^  =  H^  =  velocity  head,  as  derived  from  meter,  and  all  irreg- 
ularities of  points  investigated;  1st,  for  errors  in  reductions,  and  2d, 
for  improper  choice  of  lengths  of  observations  or  apparent  mistakes 
in  reading  the  scale  on  the  gauges  or  meters. 
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The  initial  error,  if  any  existed,  was  thus  graphically  represented, 
and  in  Fig.  86  is  shown  one  of  these  plottings. 

In  this  case,  the  west  1  000-ft.  tangent,  is  corrected  with  -f  0.159, 
Column  56,  which  brings  a  zero  observation  (25),  when  the  meter  is 
recording  a  mean  velocity  of  0.01  ft.  per  second,  because  a  careful 
studv  of  this  diagram,  when  drawn  to  a  large  scale,  tends  to  show 
that  Observation  25  is  slightly  too  low,  relatively.  As  the  line  of 
points  is  not  straight,  it  is  evident  that  Hf  does  not  vary  as  F^. 

Up  to  the  time  of  making  the  experiments  shown  on  this  diagram, 
considerable  time  had  been  expended  in  determining  whether  the  size 
of  the  hose  and  lead  pipe  connecting  with  the  piezometer,  or  the  use  of 
unequal  lengths  of  hose  on  each  side  of  the  differential  gauges,  would 
cause  a  variation  in  the  readings  obtained.  This  diagram  proves  that 
the  gauge  may  be  set  and  connected  in  any  manner,  without  varying 
the  results,  provided  no  other  sources  of  error  exist. 

Value  of  n,  in  Hf=^  m  F".^As  it  was  shown  by  Fig.  86  that  Hy  ia 
the  tangent  does  not  vary  as  V^,  it  is  assumed  that  the  equation  H^  = 
m  V"  ±  b,  fairly  expresses  the  true  relations  between  fl^  and  V.  As  it 
seems  hardly  practicable  to  eliminate  ±  bhj  plotting  logarithmically, 
the  assumption  is  made  that  it  is  a  constant  quantity  in  any  one 
series,  and  is  first  eliminated  in  the  table  of  results.  The  equation 
then  becomes  Hj,  =  m  V".  which,  for  logarithmic  plotting,  may  be 
written  log.  Hj-  =  log.  m  +  n  log.  F,  a  straight  line  (see  Fig.  87). 

Only  the  logs,  in  the  higher  velocities  are  averaged,  and  the 
straight  line  calculated  by  the  centers  of  gravity  in  the  manner 
previously  described.  In  the  foregoing  equation,  n  is  found  to  equal 
1.779. 

The  value  of  n,  in  the  equation  Hj^  —  m  V",  for  the  13-in.  radius 
curve,  is  obtained  in  a  manner  similar  to  that  for  the  tangents  in 
Fig.  87.  As  H^  was  measured  with  gasoline  in  the  differential 
gauges  in  the  first  series,  and  kerosene  in  the  fourth,  fifth  and  sixth 
series,  all  are  brought  to  the  equivalent  in  inches  of  water  at  60° 
Fahr.  in  Fig.  88;  and  as  the  velocity  in  the  first  series  was  observed 
by  Pitot  Tube  No.  3,  the  log.  of  its  corrected  mean  velocity  is  used; 
while  in  the  fourth,  fifth  and  sixth  series,  the  log.  of  the  mean  velocity 
is  plotted  as  given  by  the  meter. 

It  is  remarkable  how  closely  the  points  fit  the  computed  straight 
line  and  show  how  closely  the  velocities  coincide  when  determined  at 
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various  times  by  Pitot  tube  and  meter.     The  value  of  ?i  is  found  to  be 

1.795. 

As  explained  before,  the  readings  obtained  at  Keid  and  South 
Streets  in  the  second  series,  with  Pitot  Tube  No.  3,  gave  a  very  un- 
equal distribution  of  velocities.  At  Kercheval  and  South  Streets, 
where  the  velocities  are  much  more  imiformly  distributed,  it  has  been 

shown  that  °^^^"  ^  /  =  -^  =  0.84.    Fig.  89  shows,  in  a  general  way, 
center  vel.  V^ 

that  the  ratio  0.84  holds  good,  within  reasonable  limits,  where  applied 

to  a  cross-section  of  unsymmetrical  distribution,  caused  by  a  partially 

closed  gate,  or  an  ordinary  obstruction  on  one  side  of  the  pipe.     The 

average  line  is  drawn  by  eye, and  is  only  an  approximate  mean. 

Conclusions. — It  is  evident  from  Table  No.  36  that  something  is 
wrong  with  the  results  derived  from  one  of  the  3-ft.  radius  curves. 
As  no  indication  of  the  cause  for  this  difference  can  be  found  in  any  of 
the  observations,  this  variation  may  be  due  to  any  of  the  following 
reasons:  (1)  Measurement  error  in  setting  a  piezometer;  (2)  one  of  the 
piezometers  not  set  at  right  angles  to  flow;  (3)  air  in  one  of  the  gauge 
connections  which  remained  in  a  horizontal  section  of  the  hose  or  lead 
pipe  during  a  condition  of  no  flow,  but  which  moved  into  a  vertical 
section  as  the  flow  was  increased  and  the  reading  of  the  gauge  became 
greater;  f4)  the  effect  in  the  loss  of  head  caused  by  a  change  in  align- 
ment in  front  of  the  first  piezometer. 

The  measurements  were  very  carefully  made  and  checked,  and  no 
discrepancies  can  be  found  in  any  of  the  notes  of  the  work;  the  piezom- 
eters were  all  set  by  the  same  men  and  with  the  same  tapjiing 
machine,  and  the  lead  and  hose  connections  were  allowed  to  run  for 
some  time  before  being  connected  to  the  gauge. 

The  only  curve  on  the  entire  line  having  a  slight  swing  in  the  pipe 
immediately  before  the  curve  was  at  Exposition  and  South  Streets, 
where  a  2°  change  in  alignment  was  made  in  the  joints  about  50  ft. 
from  the  first  jiiezometer.  How  much  effect  this  would  have  on  the 
gauge  readings,  the  writers  are  not  prepared  to  say,  but  it  is  known 
from  the  results  obtained  on  the  30-in.  cast-iron  pipe  that  the  eff'ect  of 
curvature  extends  more  or  less  into  the  following  tangent,  and  it  seems 
probable  that  the  effect  in  this  case  has  been  to  increase  the  value  of 
H^in  the  section  containing  the  curve. 

Omitting  this  curve,  the  length  of  tangent  necessary  to  produce  the 
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loss  of  head  occasioned  by  deflecting  flowing  water  through  each  of  the 
90^  cuives  is  taken  from  Column  4  and  given  as  follows: 

Hy90^   13-in.  radius   curve   in   excess  of  H^in  equal  length  of 

straight  pipe  is  equivalent  to  H^ioT  19.7  ft.  of  tangent. 
H^  90^  2-ft.  radius    curve    in    excess  of  H^  in    equal   lencth  of 

straight  pipe  is  equivalent  to  H^  for  8.63  ft.  of  tangent. 
Hj^  90^  3-ft.  radius   curve    in    excess  of  H^.  in    equal   length  of 

straight  pipe  is  equivalent  to  Hy  for  13.92  ft.  of  tangent. 

Hj.  90^  4-ft.  radius    curve    in    excess  of  H^  in  equal   length  of 

straight  pipe  is  equivalent  to  //^  for  1.5.27  ft.  of  tangent. 

From  Column  6  it  is  seen  that  //^  a  V^  ''■'■'  for  the  Exposition  and 
South  Streets  1-ft.  radius  ciirve.  In  Columns  7  to  16  the  values  of  H, 
and  c  (Chezy  formula)  are  determined  for  several  velocities.  Except 
those  given  for  the  South  Street  2  000  ft.  tangent,  these  values  are 
useful  principally  for  comparisons.  The  equation  for  flow  through 
1  000  ft.  of  the  straight  pipe  is  found  to  be  if.  =  0.3233  V  ~'-\  measured 
in  feet  of  water  at  60-  Fahr. 

Conclusions. 

General  Discussion. 

Curvijture  and  Other  Effects. — The  foregoing  experiments,  taken  as  a 
whole,  prove  beyond  question  or  doubt  that  the  hitherto  accepted 
notions  of  the  laws  governing  curve  resistance  are  wholly  in  error.  As 
was  suggested  in  the  discussion  of  the  distortion  of  the  velocity  curve, 
the  resistance  due  to  curvature  is  proved  to  be  very  much  less  in  the 
short  than  in  the  long-radius  curves  for  the  same  total  length  of  pipe 
and  angle  of  deflection.  From  the  experiments  upon  the  30-in.  pipe, 
as  well  as  those  on  the  12-in.,  it  is  apjjarent  that  the  90^  curve  intro- 
ducing the  least  resistance  in  a  total  length  of  89  diameters  is  one  of 
between  2  and  2i  diameters  radius.  Fig.  90  shows  graphically,  more 
clearly  than  words  can  describe  them,  the  net  results  of  the  curve  in- 
vestigation. All  the  curve  sections  are  reduced  to  a  uniform  length 
of  80  diameters  by  adding  on  or  taking  away  tangent  resistance.  The 
lengths  of  the  axes  of  the  curved  pipe,  in  units  of  the  pipe  diameters, 
are  plotted  as  the  abscissas,  and  the  percentages  of  excess  of  the  ob- 
served losses  of  head,  in  the  curve  section  80  diameters  long,  over 
those  observed  in  an  equal  length  of  preceding  tangent,  are  plotted  as 
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the  ordinates.  In  the  cases  of  the  30-in.  cui'ves  the  resistance  in  the 
preceding  tangent  has  been  taken  as  the  standard  of  comparison, 
except  where  that  tangent  was  very  short,  or  was  affected  by  ab- 
normal conditions.  In  the  latter  cases,  those  of  the  40-ft.  radius  and 
small  compound  curves,  the  loss  of  head  has  been  compared  to  the 
mean  of  the  second  preceding  and  the  following  tangent.  In  the  case 
of  the  first  long  comjjound  curve,  a  value  about  3^q  below  that  shown 
by  the  Orleans  tangent  has  been  assumed  for  its  j^receding  tangent  on 
Scott  Street,  and  the  curve  section  filled  out  to  its  full  length  by 
adding  a  section  with  this  resistance.  On  account  of  the  specials  in 
the  Rivard  tangents,  particularly  the  upper  one,  the  resistance  in  the 
10-ft.  radius  curve  has  been  compared  to  that  in  the  East  Alexandrine 
tangent.  The  16-in.  curves  are  compared  with  the  Army  tangent,  and 
the  12-in.  curves  with  the  long  South  Street  tangent. 

The  experiments  on  the  30-in.  pipe  also  show  that  there  is  in  general 
a  continuous  increase  in  the  tangent  resistances  as  each  curve  is  passed, 
as  though  each  curve  added  something  to  the  losses  in  the  following 
tangent.  This  effect  is  clearly  shown  in  Table  No.  28,  and  also  in 
Table  No.  37  of  the  values  of  c  in  the  Chezy  formula,  which  have  been 
computed  for  the  long  tangents,  and  are  repeated  here  for  conveni- 
ence. 

TABLE  No.    37. — Experimentax,  Values   of   c,   in    V   =  c\/rs,   in 
Tangents  on  30-Inch  Pipe. 


Tangent. 


Hale  Street 

Rowena  Street 

Brady  Street 

South  Rivard  Street 

North        '•  '■      

East  Alexandrine  Avenue.. 
West 

South  Alley 

North     "     


Value  of  c. 


123.4 
121.5 
1W.9 
114.6 
109.6 
115.4 
115.9 
118.2 
114.4 


Remarks. 


Contains  no  specials. 


3  branches  distributed. 

gate  and  3  branches  at  upper  end. 

no  specials. 

fate  at  lower  end 
branches  separated. 


It  will  be  seen  from  Table  No.  28  that  those  tangents  in  which  the 
resistance  is  abnormally  high  are  followed  by  curves  in  which  the  re- 
sistance is  abnormally  low,  and  vice  versa.  From  this  and  the  increase 
of  tangent  resistance  after  passing  each  curve  it  is  evident  that  the  re- 
sistance generated  by  the  curve  jjasses  beyond  the  section  containing 
it  in  these  investigations.     The  same  appears  to  be  true  with  the  re- 
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sistances  caused  by  gates,  and  it  will  be  seen,  by  the  correction  applied 
to  the  15-ft.  radius  curve  experiment  in  Fig.  90,  to  eliminate  the  effect 
of  gates  and  specials,  whereby  the  position  of  the  point  6  is  moved  to 
6a,  that  the  loss  of  head  through  a  fully  open  gate  may  be  half  as  much 
as  that  of  the  curve  of  least  resistance. 

The  traverses  taken  at  short  distances  below  gates  have  shown  the 
water,  on  the  side  toward  the  opening  into  the  bonnet,  to  be  retarded, 
and  when  it  happens  that  the  setting  of  a  gate  in  the  down-stream 
portion  of  a  curve  section  is  such  as  to  oppose  the  action  of  the  bonnet 
to  that  of  the  curve  a  very  high  resistance  is  observed  in  the  curve 
section,  and  a  very  low  one  in  the  tangent,  because  the  gate  tends  to 
cause  the  velocities  to  readjust  themselves  in  passing,  with  the  at- 
tendant loss  of  head  there.  This  is  seen  in  the  case  of  the  15-ft.  radius 
curve  at  Rivard  and  Brady  Streets,  and  in  the  first  large  compound 
curve  at  Scott  and  Orleans  Streets.  In  the  latter  the  effect  of  a  gate  is 
evidently  more  than  compensated  by  the  30  x  30-in.  Y.  In  both  of 
these  cases  the  following  tangents  are  seen  to  have  quite  low  losses  of 
head. 

In  the  table  on  Fig.  90,  in  addition  to  the  plotted  data,  there  is 
shown  in  the  last  column  the  number  of  feet  of  tangent  that  would 
give  a  resistance  equal  to  the  excess  in  the  curve  section.  An  approx- 
imate curve  effect  locus  is  sketched  through  the  points  that  seem  to 
the  writers  most  probable,  and  memoranda  are  entered  at  the  several 
points  which  do  not  fit  it,  stating  what  reasons  are  known,  to  account 
for  the  eccentric  positions. 

The  data  thus  far  obtained,  however,  are  insufficient  to  determine 
the  distance  to  which  the  effects  of  a  disturbance  travel,  and  hence  the 
figure  cannot  be  considered  as  complete,  for,  if  the  disturbance 
extends  beyond  the  outlet  piezometei*  of  the  section,  only  a  part  of  the 
loss  due  to  the  curve  is  showTi  by  the  gauge,  but,  from  the  traverse?, 
it  appears  that  they  may  extend  farther  at  low  than  at  high  velocities, 
which  is  as  would  be  expected,  if  the  friction  on  the  pipe  wall  increases 
with  a  higher  power  of  Tthan  the  first. 

The  values  of  v  already  presented  apjjear  somewhat  high  for  the 
12-iu.  pipe,  and  decidedly  low  for  the  30-in.  The  smoothness  of  the 
two  lines  was  the  same,  as  nearly  as  could  be  judged,  and  the  conclusion 
is  that  the  deficiency  in  carrying  capacity  of  the  latter  was  due  to  the 
effects  of  curvature  and  specials.     The  apparent  effect  of  the  2c-  deflec- 
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tion  of  the  up-stream  tangent,  50  ft.  from  the  3-ft.  radius  curve,  at 
River  Street  and  Exposition  Avenue,  is  a  startling  exhibition  of  the 
results  of  small  changes  in  alignment,  as  is  also  the  reduction  of  c, 
from  123  in  the  Hale  Street  tangent  to  116  in  the  Brady  Street  tangent, 
of  the  results  of  larger  deflections.  Having  shown  that  the  long,  so- 
called  easy  curves  may  be  productive  of  a  very  great  increase  in  the 
resistances  to  flow,  the  importance  of  careful  alignment,  both  hori- 
zontally and  vertically,  is  apparent,  and  it  seems  to  the  writers  that 
this  element  has  in  the  past  been  greatly  overlooked,  while  the  efiects 
of  roughness  have  been  exaggerated.  It  will  be  recalled  that  in  riv- 
eted and  stave-pipe  lines  the  long,  easy  curse  is  a  prominent  feature, 
and  it  seems  entirely  jjossible  that  some  unexpectedly  low  coeflScients 
for  such  lines  are  due  to  this  cause. 

Coefficients. — The  values  of  c,  in  the  Chezy  formula,  have  been  already 
presented  for  the  several  investigations,  but  for  convenient  reference 
they  are  assembled  in  Table  No.  38. 

TABLE  No.  38. — Experimental,  Yalues  of  c,  in  Chezy  Formula,  fok 

Straight  Pipe. 


Diameter  of  pipe, 

Velocities,  in  Feet  per  Second. 

in  inches. 

1. 

2. 

3. 

4. 

5. 

12 

101.5 

119.. 3 

109.6  to  123.4 

109.6 

125.8 

109.6  to  123.4 

114.6 

129.4 

109.6  to  123.4 

118.3 

132.2 

109.6  to  123.4 

121.3 

16 

134.4 

30 

109.6  to  123.4 

In  Table  No.  39  are  presented  the  values  of  n  and  m,  in  the  equation 
of  resistance,  H,  =  m  V". 

Table  No.  40  presents  the  calibrations,  at  60°  Fahr.,  of  the  various 
fluids  experimented  with  in  the  fluid  differential  gauges,  as  obtained  by 
experiments  w4th  the  gauges. 

Accuracy  of  Results.  — Pitot  tube  measurements  of  discharge  at  the 
same  location,  made  with  the  same  instruments  and  under  similar  con- 
ditions, but  at  different  times,  were  found  to  coincide  within  -^^  of  1 
per  cent. 

Pitot  tube  measurements  of  discharge  at  different  locations,  with 
different  instruments  under  similar  conditions,  but  at  different  times, 
■were  found  to  coincide  within  from  1  to  1.7  per  cent. 
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TABLE   No.   39. — Expekimentai/  Values  of  n  and  m  for  Tangents, 

WHEBE    Hf  IS   MEASUBEiD  IN  1  000  Ft.  ,  IN  WaTEB. 


Diameter  of  pipe,  in  inches. 

Location. 

.       n* 

m. 

12                            

South  Street 

1.779 
1.857 
1.860 
2.000 
2.000 
2.000 
2.000 
2.000 
2.000 
2.000 
2.000 
2.000 

0.3879 

16                     

Porter  Street 

0.2141 

16              

Armv  Street 

0.2114 

3()                     

Hale  Street 

0.1051 

3(1  .                       

Rowena  Street 

0.1084 

30 

Bradv  Street 

0.1192 

30                                    

S.  Rivard  Street 

0.1220 

30                      

N.  Rivard  Street 

0.1330 

30 

E.  Alexandrine  Avenue 

W.  Alexandrine  Avenue 

S.  Alley 

0.1201 

30 

80 

0.1192 
0.1145 

30                 

N.  AUey 

0.1223 

*  The  value  of  n  for  the  12-in.  pipe  is  given  in  Fig.  87.  For  the  Porter  tangent  it  was 
carefully  computed  (Figs.  74  and  75. )  For  the  Army  tangent  it  appeared  to  be  slightly 
greater  "than  for  the  Porter  tangent.  On  the  30-ln.  line,  n  was  determined  for  the  15-ft. 
radius  curve  (Fig.  27),  and  this  value  was  used  for  all  sections,  because  they  aU  plotted 
straight  lines  with  the  resistance  in  the  15-ft.  radius  curve. 

TABLE   No.  40.— Equivalents,  at  60°  Fahr.,  of  1  In.  of  Water  at 
Same  Temperature. 


Fluid. 

Equivalent  in  water  in  differential  gauge. 

Mefcury 

Water 

Oasoline 

0.0795  in. 
1.0000    " 
3.5200  ins 

Kerosene 

4.8950    " 

Sperm  oil 

8.9850    " 

Pitot  tube  ratings  in  2-in.  brass  pipe  gave  a  coefficient,  for  Tube 
No.  3,  of  0.89  (page  33).  Simultaneous  observations  in  the  field  -work 
in  30  and  16-in.  pipe  with  Tubes  Nos.  3  and  5  determined  the  coeffi- 
cient of  the  latter  to  be  0.75  (page  37).  Tube  C  was  rated  in  5-in. 
brass  pipe,  and  its  coefficient  found  to  be  0.80.  The  ratio  between 
the  mean  and  central  velocity,  when  a  maximum,  was  established 
by  traverses  as  0.84  (page  34).  A  traverse  was  made  with  Tube  A, 
a  duplicate  of  Tube  C,  and  simultaneously  the  center  velocity  was 
determined  by  Tube  No.  5,  at  a  point  less  than  1  ft.  away,  in  the 
30-in.  pipe.     Applying  the  rating  coefficient,  0.80,  to  the  observations 

with  Tube  A,  and  the  rating  coefficient,  0.75,  and  the  ratio  ^  =  0.84, 

'  c 

to   those   with  Tube  No.  5,  the   two  mean  velocities  obtained   agree 
■within  2.7  per  cent. 
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The  rating  of  Tube  No.  6  was  determined  by  comparing  its  reading 
on  center,  at  a  certain  position,  with  the  loss  of  head  simultaneously 
observed  in  the  Brady  tangent,  and  then  making  a  similar  comparison 
between  Tube  No.  3  and  the  same  tangent,  the  obsen-ations  being 
made  in  1899  when  the  tangent  loss  was  measured  in  kerosene.  In 
this  case,  with  Tube  No.  3,  only  four  velocities  were  observed.  In 
1898,  Tube  No.  3  was  observed  simultaneously  with  the  loss  of  head 
in  the  Brady  tangent  for  seventeen  different  velocities,  the  loss  of 
head  being  read  in  sperm  oil.  The  sperm  oil  and  the  kerosene  were 
calibrated  in  terms  of  water,  and  the  loss  of  head  in  1898  reduced 
to  an  equivalent  in  kerosene.  From  this  a  comparison  was  made 
with  Tube  No.  3,  and  this  result  compared  with  the  relation  of  Tube 
No.  6  to  the  Brady  tangent  used  above  which  was  determined  at  148 
diflferent  velocities.  The  coefficient  of  Tube  No.  6,  as  obtained  by  the 
two  comparisons,  agreed  within  -cirb  of  1  per  cent. 

TABLE  No.  41. 


Section. 

1898: 
Number  of 
Velocities. 

1899: 
Number  of 
Velocities. 

Ratio  of 
Resistances. 
1898  H-  1899. 

Discrepancy: 
Percentage    of 

Ratio. 
+  =  excess  in 

1899. 

—  =  excess  in 

1898. 

I. — 1st  comp.  curve 

2 

2 

13 

2 

2 

14 

17 

13 

38 

13 

17 

6 

38 

6 

7 
10 

9 
10 
10 
13 
12 

7 
142 
11 
10 
10 
14 
14 

0.9619 
0.9225 
1.0853 
1.0074 
0.9611 
1.0081 
1.0051 
0.9749 
1.0000 
0.9568 
0.9929 
0.9426 
1.0044 
0.9668 

—  8.81 

III. — 2d  comp.  curve 

—  7.75 

IV.— Hale  Tan 

+  8.53 
+  0.74 

V. — 60-ft.  rad.  curve 

VII.— 40-ft.  rad.  curve 

VIII— Rowena  Tan 

—  8.89 
-i-  0.81 

IX.— 2.Vft.  rad.  curve 

+  0.61 

XI.— Small  comp.  curve 

XII.— Bradv  Tan 

-2.51 
0.00 

XIII.— 15-ft.  rad.  curve 

XV.— N.  RivardTan 

-4.82 
—  0.71 

XVI.-10-ft.  rad.  curve 

Xn.— E.Alex.  Tan 

XX.— 6.£t.  rad.  curve 

-6.74 
+  0.44 
—  8.82 

SUMMARY. 

Five  sections  agree  within  less  than 1  per  cent. 

One  section  agrees         "      from  2  to  3  per  cent. 

Three  sections  agree     "         "      3  to  4 

One  section  agrees         "        4.32  " 

One       "  ■'  "        5.74 

One       "  "  "        7.75 

One       "  "  "       «.S3 

This  table  shows  that,  as  compared  with  the  Brady  tangent  in  earh  year,  eight 
sections  had  increased  their  carrying  capacity  and  five  had  decrea.sed  it  during  the 
year  intervening  between  the  two  series  of  experiments.  By  the  tube  conipari.son  of 
the  Brady  tangent  resistances  in  the  two  years,  it  appeared  that  the  carrying  capacity 
of  this  section  had  increased  ,\St  of  1  per  cent.  In  the  opinion  of  the  writers,  these 
experiments  do  not  warrant  any  conclusions  as  to  changes  in  carrj-ing  capacity  of  the 
pipe  line,  and  it  is  further  their  opinion  that  this  was  practically  the  .same  in  the  two 
years. 
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Tangent  and  curve  resistances  were  measured  between  June  and 
October,  1898,  on  fourteen  different  sections  of  30-in.  pipe,  and  similar 
observations  were  made  on  the  same  sections  in  June,  1899.  The 
comparative  results  are  shown  in  Table  No.  41,  referred  to  the  Brady 
tangent  resistance,  which,  as  stated  in  the  last  paragraph,  agreed 
within  -r,r,>  of  l"o'  in  the  two  years,  by  the  tube  comjiarisons. 

The  discharge  of  the  12-in.  main  was  determined  in  1898  by  Tube 
No.  3,  for  various  losses  of  head  in  a  certain  section  measured  in  gaso- 
line, Tube  No.  3  having  been  rated  in  a  2-in.  brass  pipe  by  weighing 

V 
the  water  passing  by  it  when  on  center,  the  ratio,  -j^'-,  being  previously 

c 

determined.  In  1899  the  resistance  in  the  same  section  was  measured 
in  kerosene,  and  the  discharge  measured  by  a  6-in.  disc  meter.  The 
kerosene  and  the  gasoline  being  calibrated  in  water,  for  similar  losses 
of  head,  the  discharges,  as  determined  by  meter,  were  found  to  agree 
with  those  determined  by  the  Pitot  tube  within  J  of  1  per  cent. 

Relative  Reliability  of  1898  and  1899  Series. — The  experiments  of 
1899  on  the  30-in.  pipe  were  carried  on  with  greater  care  and  accuracy 
of  observation  than  those  of  1898,  but  the  range  of  velocity  was  only 
about  one-half  that  of  the  earlier  investigations.  The  experiments  of 
1898  were  made  at  night  when  the  effects  of  temperature  changes,  and 
of  the  variation  of  consumption,  were  less  important  than  in  the  day- 
time work  of  1899.  To  reduce  the  experiments  of  1898  to  a  common 
basis,  it  was  necessary  to  go  through  an  extended  series  of  comparisons 
of  the  different  observation  equations,  whereby  errors  in  one  might  be 
carried  into  the  next,  while  with  those  of  1899  the  comparisons  were 
direct;  as  two  instruments,  the  gauge  on  the  Brady  tangent  and  Tube 
No.  6,  were  read  continuously  in  the  same  locations  throughout  the 
entire  investigation. 

In  view  of  all  the  foregoing  conditions  the  writers  believe  the 
results  of  the  two  series  (except  those  on  the  Hale  tangent,  in  which 
the  189S  observations  are  considered  questionable)  to  be  entitled  to 
equal  confidence. 

Final  Besults. 

The  results  obtained  and  presented  in  connection  with  this  investi- 
gation may  be  summarized  as  follows: 

-4.— The  invention  of  the  oil  differential  gauge,  by  which  it  is  pos- 
sible to  observe  differences  of  head  in  closed  conduits  under  pressure, 
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with  as  great  a  degree  of  precision  as  is  attainable  in  open  conduits 
with  the  hook-gauge. 

B. — The  invention  of  a  form  of  Pitot  tube  which  may  be  inserted 
in  a  water  main  without  the  aid  of  special  devices,  other  than  the  tools 
possessad  by  every  water  department;  by  the  aid  of  which  a  competent 
observer  may  obtain  gaugings  with  as  great  accuracy  as  has  yet  been 
attained  with  any  other  measuring  device,  except  the  graduated  tank 
and  weighing  scale. 

C. — The  determination  of  a  ratio,  0.84,  between  the  mean  and  the 
maximum  velocities  of  water  flowing  in  closed  circular  conduits, 
under  normal  conditions,  at  ordinary  velocities;  whereby  observations 
of  velocity  taken  at  the  center  under  such  conditions,  with  a  properly 
rated  Pitot  tube,  may  be  relied  upon  to  give  results  within  3'',,  of 
correctness. 

D. — The  presentation  of  a  series  of  coefficients  for  application  to 
the  different  fluids  used  in  the  fluid  difl'erential  gauges,  by  which  the 
observations  so  taken  may  be  conveniently  reduced  to  equivalents  in 
water. 

E. — The  demonstration  of  the  fact  that  ratmgs  of  Pitot  tubes  made 
by  dragging  those  instruments  through  still  water  in  ojjen  troughs  do 
not  conform,  within  any  reasonable  limits,  to  those  obtained  when  the 
instrument  is  stationary  in  moving  water  in  a  closed  conduit. 

F. — The  demonstration  that  Pitot  tubes  must  have  their  coefficients 
determined,  whether  they  consist  of  a  point  ojiening  alone  or  l)oth 
point  and  pressure  openings. 

G. — The  demonstration  that  under  some  conditions,  in  straight 
pipe,  there  is  a  diff'erenee  of  pressure  at  diSerent  iJoints  around  the 
circumference  of  the  same  cross-section. 

H. — The  derivation  of  the  ellipse  as  the  approximate  form  of  the 
normal  curve  of  velocities  in  straight  circular  iiii^es. 

/. — The  demonstration  that  the  eflPects  of  disturbances  of  the  flow 
of  water  in  pipes  are  transferred  for  many  diameters  beyond  the  point 
where  the  interference  occurs. 

/. — The  inference  that  careful  alignment  is  as  necessary  for  large 
carrying  capacity  in  pipe  lines  as  is  smoothness  of  interior  surface. 

K. — The  discovery  and  demonstration  that  curves  of  short  radius, 
down  to  a  limit  of  about  2\  diameters,  ofi'er  less  resistance  to  the  flow 
of  water  than  do  those  of  longer  radius,  and  hence  that  the  theories 
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and  practices  regarding  curve  resistance,  as  set  forth  in  the  hydraulic 
treatises  of  all  nations  up  to  the  jjresent  time,  are  absolutely  incorrect 
and  the  diametric  opposite  of  the  true  conditions. 
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DISCUSSION. 


E.  C.  Mttbphy,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter).— The  results  Mr.  Murphy, 
obtained  by  tlie  two  methods  of  rating  the  Pitot  tubes  are  very  inter- 
esting.    The  wide  range  of  values  of  the  coefficient,  M  = ^         , 

of  any  tube  when  rated  in  the  tank,  is  surprising.  For  Tube  No.  5 
this  range  is  from  10. 65*0  above  to  Yi.1%  below  the  mean  of  all  the 
ratings  used.  For  the  ratings  in  moving  water  the  variation  from  the 
mean  is  not  as  large,  as  a  rule,  as  in  the  tank,  but  it  is  still  quite 
large,  being  from  6.2%"  below  to  4.7%"  above  the  mean,  for  Tube  Eva 
the  2-in.  brass  pipe,  and  from  12A%  below  to  li.B^'  above  the  mean, 
for  the  relative  rating  in  the  30-in.  pipe.  It  will  be  instructive  to 
examine  these  ratings  from  this  standpoint  of  variation  of  indi\idual 
ratings  from  the  mean  of  all  reliable  ratings  for  each  tube,  and  com- 
pare these  variations  with  those  of  other  Pitot  tubes,  and  with  current 
meters. 

This  comparison  is  not  intended  in  any  degree  as  a  criticism  of  the 
very  valuable  and  exhaustive  investigation  described  in  the  paper,  or 
of  the  investigations  of  others.  There  is  no  reason  for  thinking  that 
all  the  results  presented  were  not  made  with  care,  and  represent  cor- 
rectly what  took  place  during  the  observations.  It  is  known,  also, 
that  the  results  obtained  by  experimenters  are  not  strictly  comparable, 
as  the  conditions  (range  and  constancy  of  velocity,  and  duration  of 
an  experiment)  are  not  the  same.  Too  much  importance,  however, 
cannot  be  attached  to  the  correct  rating  of  velocity  measuring  instru- 
ments. Errors  of  observation  are  in  a  measure  compensating,  while 
errors  in  a  rating  table  are  cumulative,  and  should  be  eliminated  or 
reduced  to  a  minimum.  It  is  believed  that  a  study  of  these  varia- 
tions will  throw  light  on  the  best  method  of  rating  these  instru- 
ments. 

The  last  column  of  Table  No.  42  gives  the  greatest  and  least  varia- 
tion from  the  mean  of  all  the  vahies  of  M  used  for  each  tube  for  the 
ratings  in  still  water.  The  extreme  variation  from  the  mean  is  least 
for  Tube  No.  3,  and  is  from  —  6.7%  to  +  10.2,%',  or  a  range  of  about 
17  per  cent.  The  largest  value  of  M,  0.975,  is  obtained  from  a  single 
revolution  of  the  whii-ler,  of  about  21  seconds'  duration,  the  smallest 
value,  0.821,  from  a  single  revolution  of  15  seconds'  duration.  The 
highest  velocities  observed  were  6  to  7  ft.  The  duration  of  an  obser- 
vation for  them  was  6  to  7  seconds,  which  is  only  975*^  of  the  smallest 
watch  reading.  The  extreme  range  is  greatest  for  Tube  No.  5,  Gauge 
No.  9,  and  is  27.7%  of  the  mean.  This  appears  to  be  partly  due  to 
the  locus  being  a  curved  instead  of  a  straight  line.  If  the  water  in 
the  tank  remained  still,  and  the  motion  of  the  whirler  was  uniform  for 
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Mr.  Murphy,  each  rating,   it  is   difficult  to   see  why   there  should   be  such  large- 
variations  from  the  means. 

TABLE   No.   42. — Ratings   of   Thbee  Pitot   Tubes  in  a  Tank,   bt 

Wtt.T.TAMS,   HuBBEI/L  and  FENKKTiTi. 


Gauge 
No. 

(3) 

Number 

Greatest  Yalve      Least  Value 
OF  m.                       OF  m. 
Mean 

Tube 

0. 

(1) 

of 
ratings 
used  in 
mean. 

(3) 

value 

of  Wi      Number 
for  all         of 
ratings     ratings 
in 
mean. 

(*)     '       (5) 

Value 

of 
mean. 

(6) 

Number 

of 
ratings 

in 
mean. 

C) 

Value 

of 
mean. 

(8) 

Percentage  or 

greatest 

variation  from 

mean. 

(9) 

3 

5 

5 

6 

9 
5 
9 
9 

85         0.9142             1 
133         0.8351             4 
112         0.8506             3 
110         0.9658             8 

0.975 
0.916 
0.942 
1.091 

1 

1 
8 
2 

0.821 
0.677 
0.705 
0.895 

—  6.7*  to  - 

—  12.9  "  -1 

—  10.6  "  - 

—  13.0  "  - 

l-10.2t 
-   7.3 
-17.1 
r   7.4 

*  —  indicates  greater  than  mean. 
t  +  indicates  less  than  mean. 

TABLE  No.  43. — Eatings  of  Pitot  Tubes  in  Moving  Water  in  2-In. 
Brass  Pipe.  HTDRArx,ic  Laboratory,  CoRXEiiL  University.  By 
Williams,  Hubbell  and  Fenkell. 


Point  and  Pressure. 

Point  and  Cibcum 

PlEZOM. 

M  li 

3     5'" 
H    ^ 

(1)   (2) 

Ms 

Its 

(3) 

0.729 
0.683 
0.693 
0.694 
0.684 

Range  of 
values. 

Percentage 
of  variation 
from  mean. 

(5) 

IB 

Is 
(6) 

2 1.2 
III 

Range  of 
values. 

(8) 

Percentage 
of  variation 
from  mean. 

(9) 

3...    13 
6...    13 
C.    12 
5...    29 

0.740  to  0.718     —  1.5to+1.5 
0.695  -  0.659     -  1.8  "  4-3.5 
0.707  "  0.676     —2.0  "  +2.5 
0.727  '•  0.647     —  4.7  "  +  6.8 
0.711  "  0.603  {-4.0  "  +11.9 

13 
13 
12 

0.779 
0.784 
0.821 

0.789  to  0.764 
0.799  "  0.746 
0.854  "  0.807 

—  1.3to+1.9 

—  1.9  "  +4.9 

—  4.0  "  +1.7 

/)...    25 
E 

25 
11 
12 

0.874 
0.824 
0.834 

0.943  to  6.853 
0.875  "  0.785 
0.853  "  0.813 

—  7.9tO+2.4 

—  6.2  "  +4.7 

—  2.3  "  -1-2.5 

£...,.. 



1 

Columns  5  and  9  of  Table  No.  43  give  the  extreme  variations  from 
the  mean  velocity  ratio  in  percentages,  for  the  ratings  in  the  Cornell 
University  2-in.  brass  pipe.  In  these  ratings  the  tube  was  held  at  the 
center  of  the  pipe,  at  a  point  about  68  ft.  from  the  inlet,  and  the 
mean  velocity  in  the  pipe  was  obtained  by  weighing  the  discharge. 
The  duration  of  an  experiment  was  ordinarily  from  about  8  to  25 
minutes.  The  extreme  range  is  least  for  Tube  No.  3,  and  is  3  per 
cent.     The  largest  value  of  the  velocity  ratio,  0.740,  is  found  from  an 
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observation  of  10  minutes'  duration;  the  smallest  value,  0.718,  from  Mr.  Murphy, 
an  observation  of  17  minutes'  duration.     The  extreme  range  for  the 
ratings  in  this  pipe  is  greatest  for  Tube  D,  and  is  \b%  for  periods  of 
14  and  15  minutes'  duration. 

TABLE    No.   44. — Relative    Ratings    of    Pitot  Tubes    in  Moving 
Water  at  Detroit,  Mich.  ,  by  WrLLiAMS,  Hubbell  and  Fenkell. 


Size  of  pipes. 

(1) 

Tubes 
compared. 

(3) 

Number 

in 

mean. 

(3) 

Mean  of 

velocity 

head 

ratios. 

(*) 

Range  of 
ratios. 

(5) 

Percentage 

of 

variation 

from  mean. 

(6) 

30 

3  and  4 
5    "    3 
5    "    3 
5    "    3 
5    "    4 

23 

17 
10 

18 
17 

0.941 
1.37 
1  40 
i:38 
1.34 

l.OOlto  0.832 
1  419  "  1  298 

—    6.7tO+11.6 

.!?  7  •'  J-  aft 

16...., 

30 

1^502  "   1.263     1  —    9!8  "  +    Y.Q 
1.420  "   1.333     1  -    3.4  "  +    8.0 
1  535  "   1  173     '       12  4  "  X  14. B 

16 

80 

Column  6  of  Table  No.  44  gives  the  extreme  variation  from  the 
mean  of  the  ratios,  H,,,  expressed  in  percentages  of  the  mean  of  the 
relative  ratings  in  the  16-in.  and  30-in.  pipes.  In  these  ratings  the 
tubes  compared  were  held  at  the  center  of  the  pipe,  and  simultaneous 
readings  were  obtained.  The  extreme  range  is  least  for  Tubes  Nos.  3 
and  5  in  the  16-in.  pipe,  and  is  6.4%  of  the  mean.  It  is  greatest  for 
Tubes  Nos.  5  and  4  in  the  30-in.  pipe,  and  is  27%  of  the  mean.  It  is 
seen  that  the  variation  from  the  mean  is  least  for  the  ratings  in  the 
2-in.  pipe,  and  greatest  for  those  in  the  tank. 


TABLE  No.  45. — Ratings  of  a  Pitot  Tube,  by 

Darcy 

AND  BaZTN. 

Number 

of 
ratings. 

(2) 

Mean 
value 
of  m. 

(3) 

Greatest  Value 
ovm. 

Least  Value 
ovm. 

Percentage  of 

Method. 
(1) 

Number 

of 
ratings. 

(4) 

m. 

Number 

of 
ratings. 

(6) 

m. 

variation  from 
mean. 

(8) 

1*...; 

92 
87 
32 

l.OOfi 
0.993 
1.034 

4 
1 
1 

1.039 
1.029 
1.053 

8 
4 
1 

0.981 
0.966 
1.015 

-  3.8  to -f  2.6 

2+ 

-8.6  "  +8.8 
-1.9  "4-1.9 

3t 

*  Moving  water:  Velocity  obtained  from  surface  floats. 

+  Moving  water:  Mean  velocity  known;  tube  held  at  many  points  in  cross-section  or 
small  canal. 

X  Still  water:  Tube  held  in  front  of  a  boar. 

Table  No.   45  gives  some  results  for   three  methods  of  rating  a 
Pitot  tube,  by  Darcy  and  Bazin.  * 

*  The  tube  which  they  used  is  illustrated,  and  their  methods  of  rating  described, 
in  "  Recherches  Hydrauliques,"  Paris,  1865. 
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Mr.  Murphy.  In  the  ratings  by  Method  1,  the  tube  was  held  with  its  point  0.02  m. 
below  the  surface  of  an  open  channel,  and  the  velocity  obtained  from 
siirface  floats.  In  Method  2,  the  tube  was  held  with  its  point  at 
numerous  ijoints  in  a  cross-section  of  a  rectangular  canal  2  m.  wide, 
the  mean  velocity  of  which  was  known.  In  Method  3,  the  tube  was 
fastened  in  front  of  a  boat,  which  was  drawn  over  a  straight  course 
with  a  uniform  velocity.  Column  8  gives  the  greatest  variation  of  m 
from  the  mean  of  all  the  values  for  these  three  methods  of  rating. 
The  range  is  least  for  the  rating  in  still  water,  being  Z.S%  of  the  mean 
in  32  ratings.     It  is  greatest  for  the  second  method,  and  is  &A%  of  the 
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Fig.  91. 


mean.  The  value  of  m  obtained  from  still-water  ratings  was  rejected, 
as  it  contained  a  constant  error  due  to  the  point  of  the  tube  not  being 
parallel  to  the  water  surface.  The  average  of  the  means  obtained  by 
Methods  1  and  2  was  used  by  them. 

Table  No.  46  gives  some  results  of  ratings  of  three  Pitot  tubes, 
made  in  the  Hydraulic  Laboratory  of  Cornell  University,  by  the 
writer  and  Mr.  C.  C.  Torrance.  These  tubes  (having  three  points)  are 
shown  in  Fig.  91,  and  are  of  the  point  and  ring  type,  made  for  a  pipe 
1  in.  in  diameter.  The  point  screws  into  the  tube,  and  the  tube  has 
a  thread  on  it,  so  that  the  point  can   be  set  at  any   place  on  the 
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diameter.  In  these  ratings,  it  was  held  at  the  center  of  the  pipe  and  Mr.  Murphy, 
about  15  ins.  from  the  inlet.  The  head  due  to  velocity,  H,.,  was 
measured  with  a  mercury  differential  gauge.  Each  value  of  m  is  the 
mean  of  two  ratings  of  50  seconds'  duration  each.  The  value  of  m  is 
seen  to  increase  somewhat  as  the  velocity  increases.  The  greatest 
variation  from  the  mean  is  1.5  per  cent.  As  m  increases  with  the 
velocity,  the  variation  from  the  true  mean  for  a  given  velocity  is  much 
less  than  this  amount. 


TABLE  No.  46. — Ratings  of  Three  Pitot  Tubes  in  Moving  Wateb, 
1-iN.  Pipe,  Hydraulic  Laboratory,  Cornell  University,  by  E.  C. 
Murphy  and  C.  C.  Torrance. 


Tube. 

Velocity. 

Number 

of 
ratings. 

Values  of 
m. 

Percentage  of 

variation 
from  mean. 

(1) 

(3) 

(3) 

(*) 

(5) 

A 

16.209 
12.872 
9.250 

i 

0.910 
0.899 
0.884 

1  3 

A 

0  1 

A 

+  1.5 

Mean 

0.898 

B 

B 

B 

16.081 
12.844 
9.211 

2 
2 
2 
Mean 

0.896 
0.902 
0.878 
0.892 

—  0.5 

-  1.1 

+  1.5 

C 

C 

C 

15.300 
13.057 
9.439 

1 

Mean 

0.918 
0.913 
0.902 
0.911 

—  0.8 

—  0.2 
+  1.0 

It  api^ears  that  the  variation  of  individual  values  of  in  from  the 
mean  decreases  as  the  velocity  increases,  and  as  the  diameter  of  the 
pipe  decreases. 

Table  No.  47  gives  the  results  of  ratings  of  "  Small  Price  "  current 
meter  No.  351,  made  at  Chevy  Chase,*  Md.,  by  Mr.  E.  G.  Paul,  on 
December  30th,  1900.  These  ratings  are  selected  from  many  because 
the  computations  are  in  shape  for  ready  use.  The  meter  is  fastened 
to  a  car,  which  is  moved  with  a  uniform  speed  over  a  straight  course 
of  100  ft.  The  car  is  then  moved  back  over  the  same  course,  with  the 
same  speed.  These  two  jsassages  over  the  course,  one  in  each  direc- 
tion, constitute  a  single  rating.  Fifteen  such  ratings  were  obtained 
on  this  date  for  velocities  from  0.35  ft.  to  10.8  ft.  per  second.  The 
equation  of  the  "  most  probable  "  linear  relation  connecting  velocity 
and  revolutions  is  computed  and  given  in  this  table. 

Column  6  gives  the  residual  errors,  or  variations  from  this  most 
probable  line,  and  corresponds  to  the  variation  from  the  mean  in  the 

*  The  rating  station  at  Chevy  Chase  is  illustrated  and  described  in  the  19th  Annual 
Report  of  the  Director  of  the  U.  S.  Geological  Survey,  Part  1. 
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Mr.  Murphy,  other  tables.  Column  8  gives  the  percentage  of  Tariation  in  the 
velocity.  It  is  seen  that  the  greatest  variation  is  less  than  1  per 
cent. 

TABLE  No.  47. — Computations  of  a  eating  or  "  Small  Pkice"  Cue- 
bent  Metee  No.  351  in  Stilcl  Watee.  Meter  eated  at  Chevy 
Chase,  Md.  ,  by  Mb.  E.  G.  Paul,  on  Decembee  30th,  1900.  Com- 
putations BY  E.  C.  MUEPHY.  ObSEEVATION  EQUATION,  y  —  a  —  hx 
^=  v;  y  BEING  velocity,  in  feet  pee  second,  X  EEVOLUTIONS  PEE 
SECOND,  V  RESIDUAL  ERROR,  AND  Ct  AND  b  CONSTANTS. 


j  a'2x-\-h:Sx^='2xy 
\      na  -\-b'S  X  =^'2  y 
observation  equations,  and  '2  meaning  summation 


Normal  equations  "1  "  "^  ^  T  j  ^  r  =  S  y  "^  [ '  **  being  the  number  of 


No.  of  the 
rating. 

(1) 

Revolu- 
tions per 
second. 

X 

(3) 

Velocity. 

y 

(3) 

X2 

xy 

(5) 

Residual 
error. 

V                    v" 

(6)        '         (7) 

V 

(8) 

1 

4.648 
2.688 
1.911 
1.207 
0.933 
0.794 
0.774 
0.614 
0.488 
0.385 
0.363 
0.263 
0.201 
0.177 
0.126 

10.811 
6.250 
4.440 
2.857 
2.222 
1.887 
1.835 
1.471 
1.170 
0.939 
0.885 
0.649 
0.508 
0.455 
0.341 

21.604    1    50.245 
7.225     '     16.800 
3.652           8.493 
1.457           3.448 
0.870           2.073 
0.630           1.498 
0  599           1  420 

-1-0.059         0.003181 
-0.014         0.000196 
—0.022         0.000484 
-1-0.018         0.000324 
-1-0.017        0.000389 
-1-0.003         0.000009 
_n  nn.<?       n.ononoQ 

4-0.5% 

3 

—0.2% 

4 

-0.5% 

5 

6 

+0.6% 
-fO.8% 
-1-0.2% 
—0.2% 

8 

9 

0.377           0.903     1       4-0.004         0  OOOOIfi 

-1-0.3% 
—0.5% 

10 

0.238           0  571 

—0.006         0  000036 

11 

0.148           0.362 
0.132           0.321 
0.069           0.171 
0.040           0  102 

-1-0.001         0.000001 
—0.002         0.000004 
—0.006         0.000036 
—0.004         0.000016 
—0.001         O.OO'XWl 
—0.003         0.000009 

-1-0  1% 

12 

—0.3% 

13 

—  0  9% 

14 

—0  8% 

15 

16 

0.031 
0.016 

0.081 
0.043 

-0.2% 
—0.9% 

15.572 

36.734 

37.088 

86.531     1                          0.004911 

15.572  a +  37.088  6  =  86.531    (1) 
15  o +  15.572  6  =  36.724     (2) 
Solving  Equations  (1 )  and  (2)  we  have 

h  =  2.313  and 
a  =  0.047 

Mean  error  of  a  single  observation  =  V  ^  "' 

n-1 


Probable  error  of  result  =  0.6745  V    ^  ^'' 


n  (n-1) 


0.019 


0.003 


Table  No.  48  gives  the  results  of  ratings  of  this  current  meter,  and 
of  "Small  Price"  meter  No.  363,  in  moving  -water,  in  the  Cornell 
University  experimental  canal.  The  mean  velocity  in  the  canal  was 
found  from  readings  of  the  head  on  the  standard  weir.  The  velocity 
was  obtained  simultaneously  with  the  two  meters  by  the  ordinary 
point  method.  From  6  to  7  observations,  each  of  50  seconds'  duration, 
were  obtained  in  8  verticals  (48  to  56  in  all)  in  each  discharge 
measurement. 
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TABLE  No.   48. — Cxjbrent  Meter  and  Standard    Weir    Discharge  Mr.  Murphy. 
Comparisons,  Series  E. 


1 

o>\ 

f 

of  dlf- 
meter 

o 

1 

a 
ja' 

o 
> 

1 
« 

II 

•S  3 
-  'J- 

I  1        ifi 

z 

Q 

a 

^ 

S 

I-- 

(1) 

(») 

(3) 

(*) 

(5) 

(6) 

(») 

(8)                  ,    (9) 

1901. 

21 

April    6th 

4.808 

2.985 

230.. 36 

230.66 

— 0.13J^ 

"Small  Price"  No.351 

22 

6th 

4.808 

3.006 

230.36 

2:32.30 

-0.84.V 

"  36:i    0.71 

23 

"      10th 

8.744 

1.670 

2:«).75 

234. fi8 

-1.70^ 

"  a5i 

24 

"      10th 

8.744 

1.657 

230.75 

232.85 

—om^ 

"  363    0.71 

25 

"      10th 

7.874 

1.846 

229.28 

233.61 

-IMH 

'•  a5i 

26 

"      10th 

7.874 

1.862 

229.28 

235.64 

—2.nfi 

"  363    0.88 

27 

"      10th 

6.889 

2.108 

229.91 

233.25 

—1 .45?!^ 

"  351 

28 

"      10th 

6.889 

2.073 

229.91 

229.38 

+0.23^ 

"  363    1.68 

29 

"     nth 

6.129 

2.a40 

227.16 

230.25 

—1.36  V 

"  351 

30 

"      11th 

6.129 

2.320 

227.16 

228.28 

—0.30V 

"  .363   0.86 

31 

"      11th 

5.483 

2.596 

225.01 

228.59 

— :.60V 

"  ail 

32 

"      11th 

5.483 

2.604 

225.01 

229.30 

-\.9\% 

"  363    0.31 

33 

"     nth 

5.185 

2.725 

2^4.06 

226.98 

— 1.30Jf 

•'  351 

34 

"      11th 

5.ia5 

2.758 

224.06 

229.73 

-2.53,V 

'•  363    1.23 

35 

"      11th 

5.003 

2.816 

222.60 

226.37 

—1.69V 

••  351 

36 

"     nth 

5.003 

2.834 

222.60 

227.82 

-2.34V 

•'  363    0.65 

37 

"     nth 

9.256 

1.522 

223.40 

226.38 

-1.33V 

"  351 

38 

"     nth 

9.256 

1.538 

223.40 

228.71 

-2.38  V 

"  363    1.05 

The  weir  discliarges  in  Column  .5  are  com  pu  ted  from  Bazin's 
standard  weir  formula,  which  is  not  strictly  a^jplieable  to  this  weir. 
They  are  believed  to  be  in  error  by  not  more  than  2  per  cent.  It  is 
seen  that  the  greatest  variation  of  any  meter  discharge  from  the 
corresponding  weir  discharge  is  2.8  per  cent.  The  extreme  range  for 
these  18  ratings  is  only  1.75%  for  "Small  Price"  meter  No.  351,  and 
3.00%  for  "  Small  Price  "  meter  No.  363. 

Column  9  shows  the  diflferences  between  the  simultaneous  meter 
discharges.  The  greatest  difference  is  seen  to  be  less  than  1.7  per 
cent. 

Hiram  F.  Mills,  Esq.  (by  letter).— The  writer,  to  his  great  regret,  Mr.  Mills 
owing  to  trouble  with  his  eyes,  has  been  unable  to  read  this  paper 
at  length,  but,  upon  examining  the  summary  of  results,  thinks  it  may 
be  of  interest  to  members  of  the  Society  to  know  that  in  his  studies 
(made  in  the  year  1875)  of  the  flow  of  water  in  a  smooth,  straight, 
cast-iron  pipe,  1  ft.  in  diameter,  and  coated  with  coal-tar  pitch,  he 
found  the  ratio  between  the  mean  and  the  maximum  velocity  of  the 
water  to  differ  a  little  from  0.84,  and  to  vary  somewhat  with  the 
velocity,  as  shown  by  Table  No.  49. 

The  observations  upon  velocities  in  the  section  of  1-ft.  pii)e  were 
made  at  a  point  327  ft.  down  stream  from  the  entrance,  which  was 
square-edged. 
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Mr.  MiUs  TABLE  No.  49. 


Mean  velocity  of  water,  in  feet 
per  second. 

Maximum  velocity  of 
water,  in  feet  per  second. 

Ratio. 

1  0001             

1.206 
2.500 
3.811 
4.990 
6.053 
6.894 
8.091 
9.482 
10.790 
11.857 
12.914 
13.428 

0.8293 

2  090      

0.8360 

3  233                    

0.8483 

4  214  

0.8505 

5  164               

0.8531 

5  904  

0.8564 

6  898          

0.&525 

8.087 

0.8529 

9  215     

0.8540 

10.121 

0.85:J6 

11  088  

0.8589 

11.494 

0.8560 

The  losses  of  head  were  read  by  j)iezoineter,  in  the  lock  above  the 
entrance,  and  in  the  pipe  at  points  25,  125,  225  and  325  ft.,  and  in  the 
receiving,  basin  356  ft.,  below  the  entrance. 

With  larger  pipes,  with  varying  smoothness  of  surface,  the  ratio 
was  found  to  vary  from  0.84  in  the  following  manner:  In  thirteen 
series  of  experiments  with  a  mean  velocity  averaging  2.22  ft.  per 
second,  in  a  wrought-iron  jjenstock,  4.94  ft.  in  diameter,  having  plates 
in  and  out,  with  rivets  projecting  and  much  of  the  surface  covered 
with  tubercles,  the  mean  ratio  was  0.809.  In  another  penstock,  6.5  ft. 
in  diameter,  with  rivets  and  plates  arranged  as  before,  but  with  the 
surface  coated  with  coal-tar  pitch  and  quite  smooth,  in  a  series  of 
twelve  experiments,  with  a  mean  velocity  averaging  3.615  ft.  per 
second,  the  ratio  averaged  0.846.  Another  penstock,  6.5  ft.  in  diam- 
eter, with  a  surface  somewhat  rougher  than  the  last,  in  a  series  of 
fourteen  experiments,  with  an  average  mean  velocity  of  2.029  ft.  per 
second,  gave  an  average  ratio  of  0.861. 

A  still  larger  penstock,  having  a  diameter  of  8.75  ft.,  with  an  aver- 
age mean  velocity  of  2.731  ft.  per  second,  in  a  series  of  nine  experi- 
ments, gave  a  ratio  of  0.857;  and  in  another  series  of  six  experiments, 
'with  a  velocity  of  2.357  ft.  per  second,  gave  a  ratio  of  0.857. 

The  MTiter  has  no  reason  to  question  the  invention  by  the  authors, 
in  1897,  of  "a  form  of  Pitot  tube  which  may  be  inserted  in  a  water 
main  without  the  aid  of  special  devices,"  etc.,  by  which  gaugings  of 
great  accuracy  may  be  obtained,  but  it  appears  to  be  one  of  the  cases 
of  reinvention,  because  the  measurements  of  the  quantity  of  water 
drawn  by  many  of  the  water  wheels  of  the  mills  at  Lawrence  have  been 
made  in  the  feeding  penstocks  by  instruments,  which  could  be  thus 
characterized,  devised  by  the  writer  in  1877,  and  used  by  his  assistants, 
under  the  direction  of  John  E.  Freeman,  M.  Am.  Soc.  C.  E.,  during 
the  years  1878  to  1885,  and,  since  the  last  date,  under  the  direction  of 
Richard  A.  Hale,  M.  Am.  Soc.  C.  E.,  to  the  present  time.  These  instru- 
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menfcs  diflfer  in  some  important  particulars  from  those  described  in  the  Mr.  Milla. 
paper,  and  indicate  the  velocity  at  sixteen  or  eighteen  points  in  the 
section  at  the  same  moment. 

Corroborative,  in  a  general  way,  of  the  authors'  results,  but  tending 
to  modify  at  an  essential  point  their  curve  of  excess  of  loss  of  head 
due  to  bends,  the  writer  gives  the  results  of  a  long  series  of  experi- 
ments, made  in  1882,  with  an  experimental  line  of  cast-iron  pipe,  1  ft. 
in  diameter  and  356  ft.  long,  when  straight  and  when  supplied  near 
its  upper  end  with  a  90^  bend  having  a  radius  of  2  ft. 

The  bend,  with  different  velocities  of  flow,  caused  an  increased  loss 
of  head,  expressed  in  additional  length  of  straight  pipe,  as  given  in 
Table  No.  50. 

TABI.E  No.  50. 


Mean  ve- 
locity in 
pipe,  in 
reet  per 
second. 


1.039 
2.038 
4.693 
8.811 


Length  of 

curve,  in 

feet. 


Additional   length   of   straight  »  ,,•»•       ,    ,       ^i.      ,     .     .  .  ^ 
pipe    that   would    cause    the  ^'^'J'^'onal   length   of   straight 

excess  of  loss  of  head  in  the  P'P®-  •  V^""^^  "'  5u*  '^°^**  °J 
curve  over  that  of  straight  ?"^®i  ^  ^^^  the  excess  of 
pipe,  in  feet.  '*'^^  ^'  head  due  to  the  curve. 


3.142 
3.142 
3.142 
3.142 


13.4 
12.5 
12.6 
11.0 


4.26  times  the  length  of  curve. 

3.98  

4.01 
3.50 


The  percentage  of  loss  of  head  in  the  curved  section  over  the  loss 
of  head  in  80  diameters  of  tangent  would  be  15.5,  instead  of  10.8  as 
found  by  the  authors,  and  this  would  modify  the  curve  in  their 
diagram  of  results  by  raising  it  a  little  at  its  lowest  point. 

The  general  result  of  both  these  investigations  indicates  that  each 
90°  curve  in  a  line  of  pipe  adds  a  loss  of  head  in  the  line  equivalent  to 
the  loss  in  an  additional  length  of  straight  pipe  of  from  two  to  five 
times  the  length  of  the  curve,  nearly  all  cases  being  included  within 
four  times  the  length  of  the  curve. 

The  authors'  investigation  gives  the  important  additional  knowl- 
edge that  the  least  loss  of  head  in  changing  direction  in  a  pipe  line 
obtains  when  using  a  curve  having  a  radius  of  two  or  three  times  the 
diameter  of  the  pipe. 

Irving  P.  Chtjbch,  Assoc.  Am.  Soc.  C.  E.  (by  letter). — While  the  Mr.  Churoh. 
authors  of  this  extensive  and  valuable  i^aper,  in  their  interpretation  of 
the  piezometer  readings  for  determining  the  loss  of  head  between  two 
points  of  a  pipe,  have  evidently  taken  into  account  various  causes  of 
error,  and  have  made  allowance  for  some  of  them  as  far  as  practicable, 
there  is  one  source  of  error  in  this  connection  which  they  seem  to  have 
overlooked  (at  least  there  is  no  reference  to  it  in  the  paper) ;  and  this 
is  the  efifect  of  neglecting  the  possible  inequality  of  sectional  areas 
at  the  two  points  of  attachment  of  the  piezometer  tubes. 
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Mr.  Church.  It  is  evidently  taken  for  granted  thronghout  the  paper  that  the 
vertical  distance  between  the  summits  of  the  two  piezometer  columns 
at  the  ends  of  the  portion  of  pipe  considered  (let  this  vertical  distance 
be  called  the  "piezometer  fall"),  is  equal  to  the  loss  of  head,  or 
friction  head,  H,,  between  the  points  of  pipe  where  the  piezometer 
tubes  are  attached.  Now,  as  such  a  relation  is  true  only  in  case  the 
end  sections  of  this  portion  of  pipe  have  exactly  equal  areas  (so  that 
the  corresijonding  mean  velocities  are  equal)  it  may  be  of  interest  to 
note  the  extent  of  the  error  involved  by  this  suj^position,  under 
certain  circumstances  of  slightly  unequal  end  areas;  and  it  will  be 
found  that  for  short  lengths  of  pipe  between  piezometers  the  error  is 
greater  than  might  at  first  be  supposed.  (In  the  paper  there  are 
some  comparatively  short  lengths  used  in  connection  with  curves: 
from  24  to  200  ft.  for  the  30-in.  pipe,  100  ft.  for  the  12-in.,  and  220  ft. 
for  the  16-in.) 

The  writer  has,  therefore,  been  interested  in  computing  the  amount 
of  this  error  in  certain  cases  suggested  by  some  of  the  data  of  the 
Detroit  experiments.  In  the  description  of  these  experiments,  how- 
ever, no  specific  information  is  given  as  to  the  magnitude  of  the 
sectional  areas  at  the  points  of  attachment  of  piezometer  tubes  (except 
that  the  diameter  of  each  of  the  special  piezometer  castings  used 
on  the  South  Street  tangent  and  at  the  further  extremity  of  an 
adjacent  curve  was  exactly  12  ins.).  We  are  therefore  left  to  gather 
the  possibilities  of  inequality  of  sectional  area  at  these  points  from 
statements  made  of  maximum  and  minimum  diameter. 

In  the  30-in.  pipe  the  maximum  and  minimum  diameters  for  the 
different  portions  considered  rarely  differ  by  more  than  J  in.,  though 
in  two  cases  the  difference  is  slightly  greater  than  1  in.  In  the 
portions  of  16-in.  pipe  this  difference  of  extreme  diameters  varies 
from  I  to  Tfi  in- ;  while  in  the  description  of  the  12-in.  pipe,  where 
some  of  the  lengths  tested  are  as  short  as  100  ft.,  no  information 
is  given  as  to  variations  in  diameter  along  any  one  section,  although 
the  statement  is  made  (in  Fig.  79)  that  the  diameter  of  the  piezometer- 
castings  referred  to  above  (South  Street  tangent)  was  exactly  12 
ins. 

The  quantity  termed  "  loss  of  head  "  (in  steady  flow  of  water  in  a 
rigid,  stationary  pipe)  owes  its  origin  and  meaning,  of  course,  to  the 
well-known  Theorem  of  Bernoulli,  viz.,  the  loss  of  head  occurring 
between  any  two  points  in  the  line  of  flow  is  equal  to  the  amount  by 
which  the  "total  head"  at  the  up-stream  point  exceeds  that  at  the 
down-stream  point,  understanding  by  "total  head"  the  sum  (at  any 
point  of  the  flow)  of  the  velocity  head,  pressure  head,  and  potential 
head  (or  height  of  point  above  any  convenient  horizontal  datum  plane). 
Referring  to  Fig.  92,  1  being  the  up-stream  point,  and  2  the  down- 
stream point,  let  V,  denote  the  mean  velocity,  py  the  internal  pressure. 
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2,  the  lieigbt  above  datum,  Mr.  Church, 

yl,  the  sectional  area,  and  ~":^' 
d^  the  diameter  for  point  1; 
a  similar  notation  with  sub- 
script 2  ajjplying  to  jjoint 
2.  Also  denote  by  b  the 
height  of  the  water  barom- 
eter, and  by  y  the  weight 
of  a  unit  of  volume  of 
water;  and  let  h  indicate 
the  "piezometer  fall  "  (see 
Fig.  92).  H^,  the  loss  of 
head  between  1  and  2,  and^ 
the  acceleration  of  gravity. 
We  have,  then,  by  Ber- 
noulli's Theorem, 

",;+f+^.]-&>f+^j (') 

Eemembering,  that,  from  the  "equation  of  continuity,"  A^  r?,  =  J,  ^2> 
and  noting  the  relations  between  the  various  heights  marked  in 
Fig.  92,  where  ordinary  piezometers  are  shown  attached  at  the  points 
1  and  2,  we  finally  obtain 


^=S 


Fig.  92. 


Hf 


-"-ib-(m- 


(2) 


If  the  term  n^    1  —  (  x^ )     \  ^^  designated  as  the  ' '  increment  of 

velocity  head,"  we  may  read  Equation  (2)  as  follows  : 

The  loss  of  head  between  any  two  jjoints  in  the  line  of  flow  is  equal 
to  the  piezometer  fall  diminished  by  the  increment  of  velocity  head. 
(In  Fig.  92,  A.,has  been  supposed  smaller  than  Ai;  but  if  the  contrary 
is  the  case  the  increment  of  velocity  head  becomes  negative,  and  the 
loss  of  head  will  be  greater  than  the  piezometer  fall  instead  of  less.) 
We  note  that  the  bracket  in  the  increment  of  velocity  head  is  inde- 
pendent of  the  length  of  jDipe.  Hence,  if  the  length  were  small  and 
the  cause  of  loss  of  head  were  ordinary  "skin  friction,"  the  loss  of 
head  might  differ  considerably  from  the  "piezometer  fall,"  even  when 
the  areas  ^,  and  A2  were  nearly  equal.  (As  a  useful  illustrutiou,  in 
this  connection,  it  maybe  well  to  recall  the  fact  that  in  the  converging 
portion  of  a  Venturi  meter  the  loss  of  head  occurring  between  the 
entrance  and  the  "throat  "  is  onlv  a  small  fraction  of  the  piezometer 
fall.) 

To  take  a  rather  extreme  case,  let  us  first  comijute  the  amount  of 
error  that  would  be  occasioned  by  considering  the  friction  head  to  be 
equal  to  the  piezometer  fall  in  a  100-ft.  length  of  pipe,  nominally 
12  ins.  in  diameter,  in  case  the  diameter  at  Point  lis  dy  —  12.5  ins., 
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Mr.  Church,  while  that  at  2  is  d.^  =  11.5  ins.,  the  mean  velocity  at  2  being  tJg  =  4  ft. 
l>er  second.  ^ 

Here  we  have    ( j')  "=  (j)  =0.7165; 

so  that  the   "increment   of  velocity    head"   is    gj-j  [1  —  0.7165]  = 

0.0704  ft.     It  will  be  siiflBcient  for  the  present  purpose  if  we  consider 

the  friction   head   in   the  Avhole   pipe  to  be  equal  to  that  in  a  pipe 

of  equal  length   and  of  12  ins.   diameter  throughout,    in   which  the 

same  rate   of  flow  is   taking    place  ;     that    is,    in   which    the    mean 

'^ll  5\  ^ 
velocity  is  4  x     (  iVn)   =  3-673  ft.  per  second;  and  the  friction  head 

for  this  ideal  pipe  may  be  taken,  by  interpolation  in  the  first  line  of 
Table  No.  36,  as  H,.  =  0.320  ft.  (This  first  line  refers  to  the  long  South 
Street  tangent,  on  which  the  sections  at  piezometer  points  were  exactly 
12  ins.  in  diameter,  so  that  the  "observed  H/'  may  be  taken  as  the 
friction  head.)  Now,  0.0704  ft.  is  22%  of  0.320  ft.;  hence,  an  error 
of  22%"  would  be  made  in  this  case  if  the  whole  piezometer  fall  (which 
is  0.0704  +  0.32  =  0.3904  ft.)  were  looked  upon  as  the  loss  of  head; 
i.  e. ,  the  jjiezometer  fall  occurring  between  Points  1  and  2  is  in  reality 
22%"  in  excess  of  the  real  friction  head. 

Calling  this  100-ft.  length  of  pipe  Division  B,  let  us  suppose  the 
next  consecutive  100-ft.  length  (Division  C),  the  up-stream  piezometer 
of  which  is  the  down-stream  piezometer  for  Division  B,  to  have  at  its 
down-stream  end  a  diameter  of  12.5  ins.,  and  to  have  the  same  mean 
diameter  (12  ins.)  as  Division  B  and  the  same  degree  of  "  roughness  " 
of  interior  surface.  Then,  during  the  same  rate  of  flow  as  before,  the 
friction  head  in  C  would  be  equal  to  that  in  B  (viz.,  =  0.320  ft.),  and 
the  increment  of  velocity  head  for  C  would  be  equal  to  that  for  B 
(—  0.0704  ft.),  but  of  contrary  sign,  so  that  the  piezometer  fall  for  C 
would  be  (0.320  —  0.0704)  =  0.2495  ft.;  as  against  0.3904  ft.  for  B. 
The  latter  exceeds  the  former  by  0.1408  ft.,  which  is  56.4%  of  the 
former.  If,  therefore,  in  this  case  the  principle  were  adopted  that 
the  piezometer  fall  can  be  considered  as  sensibly  equal  to  the  friction 
head,  the  conclusion  would  be  reached  that  the  friction  head  in 
Division  B  is  56%  greater  than  that  in  C;  when,  as  a  matter  of  fact, 
the  two  friction  heads  are  equal. 

In  the  foregoing  example  the  data  as  to  diameters  at  piezometer 
points  are  rather  extreme,  as  these  diameters  differ  from  the  mean 
each  way,  by  J-in.,  which  is  considerable  for  a  12-in.  pipe.  If,  how- 
ever, these  diameters  differ  only  ^  in.  from  the  mean  (one  above,  the 
other  below),  the  results  of  similar  comjjutations  for  two  consecutive 
100-ft.  lengths  of  12-in.  pipe,  B  and  C,  with  same  rate  of  flow,  etc.,  as 
before,  are  found  to  show  errors  of  12  and  25%,  respectively,  instead 
of  the  22  and  56%  of  the  first  example  ;  and  again,  with  |  in.  in- 
stead of  i  in.,  the  errors  are  5  and  12%,  respectively. 
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It  is  to  be  noted  tliat  as  the  increment  of  velocity  head  is  exactly,  Mr.  Church, 
and  the  friction  head  aj^proximately,  proportional  to  the  square  of  the 
mean  velocity,  the  percentage  error  instanced  in  each  of  the  foregoing 
cases  would  not  be  materially  changed  if  other  velocities  were  chosen. 

As  regards  the  30-in.  pipe,  let  us  , first  compute  a  fair  estimate  for 
the  loss  of  head  due  to  "skin  friction  "  in  a  straight  length  of  2(X)  ft., 
when  the  mean  velocity  is  3.868  ft.  per  second.  (This  value  will 
serve,  nearly  enough,  for  both  the  following  examples.)  For  this  the 
Chezy  formula  will  serve,  with  c  =  123.4  (from  page  184);  ancl  //^  = 
0.8142  ft.  is  obtained;  while  for  a  length  of  25  ft.  we  have  one-eighth 
as  much,  or  0.0392  ft.,  as  Hj-  Considering  then,  a  25-ft.  length  of 
30-in.  pipe,  with  dy  =  30.125  ins.  and  c/j  =  29.875  ins.,  so  that  these 
diameters  difi"er  only  by  \  in.  (the  section  of  30-in.  pipe  called  XVIII, 
in  Table  No.  21,  is  only  23.51  ft.  long,  and  its  extreme  diameters  differ 
by  0.242  in.),  with  a  flow  at  the  rate  of  r^  =  4  ft.  per  second,  we  find 
the  increment  of  velocitv  head  to  be 

0.0085  ft.; 
while  the  value  of  iT^may  be  taken  (see  above)  as  0.0392  ft.  As  0.0085  ft. 
is  21.3^  of  0.0392  ft.,  it  follows  that  the  piezometer  fall,  /.  ''.,  0.0477 
ft.  (=  0.0392  +  0.0085),  instead  of  being  equal  to  the  friction  head, 
exceeds  it  by  some  21%,  which  is  the  amount  of  the  error  that  would 
be  made  if  the  slight  inequality  of  end  areas  were  neglected.  If  the 
end  diameters  differed  by  only  |  in.,  the  error  would  still  be  about 
10  per  cent. 

The  last  example  would  seem  to  show  in  a  very  striking  manner 
that  the  precision  attained  by  the  oil-and-water  differential  gauge  in 
the  determination  of  the  piezometer  fall  should  V)e  accompanied  by 
an  equal  precision  in  the  measurement  and  consideration  of  end  areas, 
if  accurate  values  of  friction  head  with  short  lengths  of  pipe  are  to  be 
obtained. 

As  regards  the  200-ft.  lengths  of  30-in.  pipe  (several  of  which  were 
used,  as  described  in  Table  No.  21),  in  nearly  all  of  these  the  maximum 
and  minimum  diameters  differ  by  about  \  in.  (including  the  Brady  tan- 
gent), while  in  two  of  them  (HI  and  XIII)  the  extreme  diameters  differ 
by  more  than  1  in.  By  computations  similar  to  the  foregoing  it  can  be 
shown  that  with  ordinary  "skin  friction"  along  a  200-ft.  length 
(Division  B)  of  30-in.  pipe,  in  which  the  end  diameters  happen  to 
differ  by  1  in.,  an  error  of  about  lO'V  would  be  involved  in  considering 
the  piezometer  fall  to  be  equal  to  the  loss  of  head;  and  an  error  of 
some  2Q%  in  comparing  the  losses  of  head  in  Divisions  B  and  C,  if  in 
C  the  end  diameters  also  differ  by  1  in.,  but  are  oppositely  situated 
with  respect  to  the  direction  of  flow.  For  J-in.  difference  of  end 
diameters  these  percentages  would  be  reduced  about  one- half. 
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Similar  illustrations  could  'also  be  given  in  the  case  of  the  220-ft. 
lengths  of  16-in.  pipe. 

Since  the  foregoing  was  written,  the  writer  has  had  the  opportunity 
of  conferring  with  one  of  the  aiithors,  who  has  supplied  additional 
data,  together  with  computations,  based  upon  them  and  arranged  in 
tabular  form,  bearing  on  the  matter  of  end  areas  (that  is,  areas  at  the 
points  of  insertion  of  piezometers). 

From  these  supplementary  statements  and  computations,  the 
writer  is  permitted  to  quote  as  follows  : 

"  The  diameters  of  the  pipe  at  the  exact  points  of  insertion  of  the 
piezometer  connections  were  not  measured,  except  in  the  case  of  the 
four  special  castings  used  on  the  12-in.  Hne,  but  as  eight  diameters 
were  measured  on  every  pipe  and  special,  and  as  the  field  notes  enable 
the  jiipes  containing  the  connections  to  be  identified,  it  is  jjossible 
to  obtain  what  may  be  considered  a  fair  criterion  of  the  variation  of 
diameters  of  end  sections  by  taking  the  mean  of  the  eight  measured 
diameters  of  the  pipe  containing  the  jjiezometer  connection  as  the 
diameter  at  the  connection. 

"Upon  this  assumption  Tables  Nos.  51,  52  and  53  have  been  com- 
IJuted.  Table  No.  51  for  the  30-in.  line  is  based  upon  a  velocity  of 
4  ft.  per  second  in  a  pipe  exactly  30  ins.  in  diameter.  Column  2 
gives  the  mean  diameters  of  the  tajiped  pities  computed  as  above 
indicated.  Column  3  gives  the  velocity  through  a  pipe  of  this  diam- 
eter con-esponding  to  a  velocity  of  4  ft.  per  second  in  a  30-in.  pipe. 
Column  4  gives  the  corresponding  velocity  head,  H^.  Column  5  gives 
the  increase  or  decrease  of  velocity  head  between  the  two  ends  of  the 
exiJerimental  section,  which  is  the  correction  to  be  subtracted  from 
or  added  to  the  piezometric  fall,  Hp  for  the  corresponding  velocity. 
Column  6  gives  the  piezometric  fall  that  would  be  observed  in  the 
experimental  sections  computed  from  the  equation,  Hj=  0.133  v^,  for 
the  North  Eivard  tangent  by  Column  8  of  Table  No.  28,  which  section 
was  selected  because  in  it  there  is  no  correction  for  H^„  the  diameters 
being  the  same  at  the  two  ends  ;  and  from  the  ratios  of  the  several 
observed  piezometric  falls  to  that  in  this  section,  as  determined  from 
Column  4  of  the  same  table,  the  value  of  H^  in  the  above  equation 
being  reduced  to  that  of  the  true  length  of  the  section  by  multiplying 

by  (         '     j  .     Column  7  then  gives  the  percentage  correction  to  be 

applied  to  the  authors'  Hf  to  account  for  the  change  in  H,.. 

"Table  No.  52  for  the' 16-in.  line  is  based  upon  a  velocity  of  4  ft.  per 
second  at  the  outlet  of  the  Army  tangent.  By  the  use  of  the  second 
and  third  columns  of  Table  No.  32  and  the  lengths  of  the  several 
sections  as  given  in  Table  No.  29,  a  similar  series  of  computations 
to  those  for  the  30-in.  line  give  the  values  of  Hj  in  Column  6,  the 
exponent  of  V,  in  Hf=  m  V'\  being  in  this  case  1.857,  from  Fig.  74. 

"  Table  No.  52,  for  the  12-in.  line,  is  based  upon  a  velocity  of  4  ft. 
per  second  in  the  long  South  Street  tangent,  which  is  exactly  12  ins. 
in  diameter  at  both  extremities,  and  the  values  of  Hj,vfere  determined 
from  the  equation  of  the  South  Street  tangent,  H^  =  0.0323  v  i'«  (Table 
No.  36,  Columns  5  and  6),  the  coeflScient  being  reduced  for  a  length  of 
100  ft.,  and  the  ratios  thereto  given  in  Column  4  of  the  same  table." 

By  way  of  comment  on  the  preceding,  the  writer  is  of  the  opinion 
that  the  propriety  of  assuming  the  mean  diameter  at  a  piezometer 
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point  to  be  equal  to  the  meaa  of  eight  measurements  made  in  the  Mr.  church, 
same  12-ft.  pipe  length,  all  of  which  measurements  were  either  at  the 
two  extremities  or  1  ft.  from  them,  is  fairly  open  to  question.  If  the 
sides  of  a  pipe  length  were  accurately  straight,  and  the  piezometer 
point  occurred  at  the  middle  of  the  pipe  length,  such  an  assumption 
would  doubtless  be  justified,  but  the  writer  understands  that  a  pie- 
zometer ijoint  might  occur  anywhere  along  the  length  of  its  1'2-ft. 
pipe  length  and  not  necessarily  in  the  middle.  As  to  the  straightness 
of  the  sides  of  ordinary  cast-iron  pipe  (or  the  lack  of  it),  other  con- 
tributors to  this  discussion  can  probably  bear  testimony  better  than 
the  writer. 

It  would  seem,  however,  that  the  above  assumption  would  not  be 
attended  with  serious  error  unless  exijerimental  sections  were  veiy 
short,  like  Sections  II,  VI,  X  and  XVIII  of  the  30-in.  pipe  (respect- 
ively, 56.42,  47.88,  29.17  and  23.51  ft.  long). 

Tables  Nos.  51,  52  and  53,  computed  on  the  foregoing  assumption, 
are  seen  to  show  percentage  corrections  of  less  than  l";"  for  all  the 
experimental  sections  except  Nos.  II,  VI,  X  and  XVIII  of  the  30-in. 
pipe,  for  which  the  corrections  called  for  (without  regard  to  sign)  are, 
respectively,  1.28,  1.41,  3.01  and  6.34  per  cent.  As  might  have  been 
expected,  the  largest  correction  occurs  in  the  shortest  section.  XVIII, 
where,  according  to  Table  No.  51,  the  end  diameters  differ  by  a 
trifle  over  J  in.,  implying  sufficient  inequality  in  the  end  areas  to 
cause  a  diiierence  of  some  10%  between  loss  of  head  and  piezometer 
fall  if  the  loss  of  head  had  been  ordinary  "skin  friction"  (see  pre- 
vious illustration  by  the  writer) ;  but  the  actual  loss  of  head  in  XVIII 
was  considerably  greater  than  this,  on  account  of  the  jiresence  of 
*' specials,"  and  hence  this  difierence  between  loss  of  head  and  piezo- 
meter fall  (being  a  fixed  quantity  for  a  given  rate  of  flow)  is  only  6.3%" 
of  the  latter  instead  of  10. 

As  to  the  authors'  conclusions  relating  to  the  losses  of  head  due  to 
curvature  in  pipes,  in  the  first  perusal  of  the  statement  in  Conclusion 
K  on  page  191,  the  writer  understood  the  view  to  be  advanced  that 
the  flatter  the  curve,  the  greater  would  be  the  resistance;  which  cer- 
tainly seemed  very  paradoxical,  as  it  would  imply  that  a  maximum 
resistance  would  be  found  in  the  flattest  of  all  curves,  viz.,  in  a  straight 
pipe.  Closer  inspection  of  the  context  showed,  however,  that  the 
resistances  compared  were  those  occurring  (for  the  same  rate  of  flow) 
in  a  number  of  pipes  of  the  same  length  (in  diameters)  in  each  of 
which  only  a  fraction  of  the  length  was  curved,  so  that  a  (90^)  curve 
of  large  radius  occupied  a  much  larger  percentage  of  the  total  length 
than  one  of  small  radius;  and  that  no  attempt  had  been  made  to 
distinguish  between  the  eflfect  of  augiilar  deviation  of  flow  (or  curva- 
ture proper)  and  that  of  the  length  of  the  curved  part  of  pipe.  It  was 
also  noticeable  that  in  eleven  out  of  the  sixteen  cases  presented  the 
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Mr.  Church,  curved  portion  constitiited  only  a  small  percentage  (2  to  11%")  of  tlie 
total  length  of  pipe,  the  remainder  of  the  pipe  being  straight. 

Now,  the  resistance  due  to  a  curved  pipe  (if  more  than  5  or  6 
diameters  long)  can  hardly  be  considered  as  having  an  abrupt,  local 
character,  like  that  due  to  an  elbow  or  valve  gate.  Hence  the  length 
of  the  curve,  as  with  a  straight  pipe,  would  seem  to  be  of  prime 
importance,  aside  from  the  element  of  angular  deviation  of  the  flow. 
The  writer,  therefore,  would  offer  the  following  mode  of  interpreting 
the  numerical  data  in  the  table  on  Fig.  90. 

To  obtain  a  fairly  jirobable  value  of  the  loss  of  head  occurring  in 
the  curve  proper,  a  necessary  preliminary  is  to  make  an  estimate  of 
the  friction  head  in  the  adjoining  straight  portions,  which,  with  the 
curved  part,  make  up  the  length  between  piezometer  points.  Such, 
an  estimate  is  necessaiily  based  on  the  results  of  experiments  with 
other  (straight)  sections  of  the  same  kind  and  size  of  pipe;  and  is 
such  a  large  fraction  (70  to  90^^ )  of  the  whole  loss  of  head  in  Cases 
Nos.  7  to  16  of  Fig.  90,  that  a  small  error  in  this  estimate  would  give 
rise  to  a  large  (relative)  error  in  the  quantity  obtained  by  deducting 
the  estimate  from  the  whole  (measured)  loss  of  head  (aside  from 
l^ossible  error  due  to  neglect  of  inequality  of  end  areas).  On  account 
of  this  uncertainty  it  seems  hardly  worth  while  to  consider  Nos.  7  to 
16  so  far  as  intercomparison  of  pure  curve  effects  is  concerned. 

The  writer,  therefore,  has  selected  the  cases  of  Nos.  1,  2,  5  and  6a 
(each  of  which  is  a  200-ft.  length  of  30-in.  pipe  and  contains  a  single 
90°  curve;  of  radii  60,  40,  25  and  15  ft.,  respectively)  as  most  favor- 
able for  the  purpose,  and  as  likely  to  give  the  most  trustworthy 
results.  The  quantities  comjjuted  by  him  are  placed  in  Table  No. 
54,  all  the  values  given  in  which  are  explained  below. 

TABLE  No.  54. 


No. 

1        R 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

1 

60  ft. 
40  " 
25  " 
15  " 

ft. 
94.24 
62.84 
39.28 
23.56 

0.00 

ft. 
105.76 
137.16 
160.72 
176.44 
200.00 

190.2 
161.5 
152.7 
133.0 
100.0 

52.88 
68.58 
80.36 
88.22 
100.00 

137.32 
92.92 
72.34 
44.78 
0.00 

1.457 
1.478 
1.841 
1.901 

2 

5 

8a 

Straight.... 

1 

Five  200-ft.  lengths  of  30-in.  pipe  are  represented,  of  which  the 
last  is  straight  throughout  its  w^hole  length,  and  6a  is  No.  6  "cor- 
rected for  specials  "  (see  Fig.  90). 

Column  R  gives  the  radius  (in  feet)  of  the  90°  curve  occurring  in 
the  section. 

Column  (a)  gives  the  length  of  curved  portion  (in  feet). 
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Column  (b)  gives  the  aggregate  length  of  straight  portions  in  each  Mr.  Church, 
section  (in  feet),  [by  deducting  (a)  from  200  ft.]. 

Column  (c)  gives  the  (relative)  loss  of  head  in  the  whole  length. 

Column  (d)  gives  the  (relative)  loss  of  head  in  straight  parts  [com- 
puted by  taking  the  same  fraction  of  100  that  the  length  (b)  is  of 
200  ft. J. 

Column  (e)  is  obtained  by  deducting  (d)  from  (c),  and  hence  gives 
the  (relative)  loss  of  head  due  to  the  curved  p  ortion  alone. 

Column  (f)  results  from  dividing  (e)  by  the  length  (a)  of  the  curved 
portion,  and  hence  the  numbers  in  this  column  are  proportional  to  the 
loss  of  head  per  unit  of  length  along  the  curve  itself. 

It  is  to  be  noted  that  these  numbers  in  Column  (f)  increase  (though 
not  rajjidly)  with  increasing  sharpness  of  curvature;  which  is  what 
would  naturally  be  expected,  since  they  all  refer  to  the  same  absolute 
length  (1  ft.)  of  curved  pipe  (the  whole  curve  in  each  case  being  more 
than  five  diameters  long). 

The  reason,  therefore,  why  the  total  resistance  for  the  200-ft. 
lengths  should  increase  (from  133  to  190.2)  as  we  read  upward  in 
Column  (c),  meeting  with  curves  of  less  and  less  sharpness  (Imt  of 
greater  and  greater  length),  would  seem  to  be  best  expressed  by  saying 
that  the  effect  of  the  increasing  length  of  the  curved  jiortion  overbal- 
ances the  contrary,  but  much  less  rapid,  inflixence  of  the  decreasing 
sharpness. 

Users  of  differential  gauges  will  doubtless  be  interested  in  the  ac- 
curate setting  forth  of  the  theory  of  these  instruments,  as  given  on 
pages  78  and  89. 

ChaklesH.  Tl-tton,  M.  Am.  Soc.  C.  E.(by  letter).— On  pages  63  and  Mr.  Tut  ton. 
6i:  of    the  paper,  the  authors  present  the  theory  that  the   curve  of 
velocity  in  a  pipe  is  an  ellipse,  rather  than,  as  generally  taught  in  the 
schools,  a  curve  from  the  family  of  parabolas.  The  writer,  having  made 
a  number  of   investigations   along 
this  line,  believes  that  the  authors 
are  correct    in   their   assumption ; 
and,    in     the      following,     which 
strongly    substantiates   the   same, 
incidentally    presents   an    entirely 
new  theory    and  formitla   for   the 
flow   of    water    in    pijies,    from    a 
purely  theoretic  standpoint.     As  a 
preliminary  step,  let  it  be  assumed 
that  uniform  motion   exists  in  the 
pipe,    meaning    by    this   that   the 
motion    along   each    fillet   is   imi- 

form,  and  that  the  total  resistance  to  the  motion  is  composed  of  two 
entirely  different  and  non-comparable  classes  of  resistance,  one  being 


■' P-- 


Fio.  93. 
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Mr.  Tutton.  the  ao-called  friction  along  the  pipe  walls,  the  other,  the  internal  re- 
sistances in  the  water  itself,  or  the  so-called  viscosity. 

The  development  of  the  moving  mass  of  water  may  be  di^dded  into 
two  portions,  a  cylinder  and  a  ' '  dome  "  shaped  head.  The  effect  of  the 
friction  on  the  pipe  walls  will  be  felt  only  upon  the  cylinder,  and  the 
effect  of  the  viscous  resistances  will  be  entirely  shown  in  the  shape 
and  size  of  the  "  dome,"  as  the  authors  have  named  it. 

AVith  these  ideas  in  mind,  the  following  general  relations  may  be 
l)ointed  out. 

Referring  for  the  present  only  to  the  "dome,"  and  denoting  the 
radius  of  the  pipe  by  R,  the  central  velocity  in  the  head  by  v,  and 
the  mean  velocity  in  the  same  by  U^,  Boussinesq  arrives  at  the  con- 
clusion that  the  curve  of  velocity  is  a  cubic  parabola.  Now,  the 
equation  of  such  a  parabola,  with  origin  at  C,  can  be  written  _>/  =  C  x,  in 
which  X  is  parallel  to  the  axis  of  the  pipe.  The  volume  of  the 
generated  paraboloid  will  consequently  be  f  jr  i?"  V,  its  mean  ordinate 
f  V  —  H  K,  and  consequently  the  distance,  I H,  or  the  radius  of  the 
circle  of  mean  velocity,  will  be 

R^^  =  VT-K  =  0.737  i2. 
Bazin,  in  his  deductions  from  experiment,  admits  that  this  value  is  a 
little  too  small. 

Now,  if  the  supposition  of  the  authors  be  correct,  that  the  ratio  of 
mean  to  central  velocity  be  0. 84,  that  is,  that 

which  refers  to  the  total  velocity,  then,  F  C  being  1.0,  F  /must  be 
0.60  r„  and /C  =  0.40^7,. 

It  may  be  observed  that  Boussinesq's  supposition  as  to  the  effect 

7?        7? 

of  viscosity  is  that  it  is  proportional  to  ~n^o~  ^^  which  r  is  the 

radius  of  any  fillet,  and  U„  is  the  velocity,  A  B,  along  the  pipe  wall, 
with  which  velocity  viscosity  has  no  relation,  if  the  writer's  supposi- 
tion, which  will  hereafter  be  presented,  be  correct. 

The  authors,  without  proof,  assume  that  the  curve  of  velocity 
B  K  C  D  is  an  ellipse.  The  ellipsoidal  volume  C  B  I),  consequently, 
will  he  %  n  R-  V,  and  the  mean  ordinate  H  K  =  ^  V,  which,  placed  in 

the  equation  of  the  ellijise,  -^  +-^  =   !>  gives   for    the  radius   of 

5 
mean  velocity  x^  =  —  R-, 

or  E«,  =  0.74535  R. 
The    following    relations    then    exist,    on     the    supposition    that 


S.  =  0.84. 


i^/=0.52  V,.:  7(7  =  0.48 
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It  will  be  seen  that  this  does  not  vary  from  the  previous  result  Mr.  Tutton. 
enough  to  justify  the  assertion  from  the  results  of  their  experiments 
alone. 

The  writer  proposes  the  following  theory  to  justify  the  assertion 

that  the  true  curve  of  velocity  is  an  ellipse.     Instead  of  Boussinesq's 

assumption  that  the  frictional  resistance  between  filaments  per  unit  of 

d  V 
area  is  proportional  to  e  — — ,  or  that  of  Levy  that  it  is  proportional  to 

,  _v  d  V        ,,    ,     .  _,     .         /d  v\'^ 
syr  "^7~'  °^  *"^*  o'  Bazm  s  y,—  )   ,  or  finally,  that  of  Navier,  and 

upon  which  the  capillary  theory  and  Poiseuille's  formula  for  viscosity 

is  based,  that  it  is  simply  proportional  to  e  ^— ,  let  it  be  assumed  that 

d  r 

V  d  V 
this  resistance  is  proportional  to  £     ,     ,  or  that  what  has  been  called 

d  r 

the  "rate  of  distortion  "  of  the  liquid  varies,  not  only  in  direct  ratio 
to  the  distance  of  the  filament  from  the  center  of  the  tube,  but  also 
with  the  velocity  of  that  filament. 

Let  the  shaded  portion  in  Fig.  93  represent  the  cylinder  of  water 
upon  which  the  pressures  act.  The  light  portion,  A  B  C  D  E,  will 
then  represent  the  "  velocity  solid,"  or  better,  the  develojiment  of  the 
motion  per  second  of  and  in  the  actual  cylinder.  The  cylindrical 
portion,  A  B  D  E,  will  represent  the  development  of  the  total  motion 
along  the  wall  of  the  pipe,  and  the  dome,  BCD,  will  represent  the 
development  of  the  excess  of  motion  of  the  co-axial  cylinders 
forming  the  interior  of  the  original  cylinder,  and  which  are  subjected 
to  the  viscous  resistances.  In  that  which  follows,  these  fictitious  por- 
tions will  be  referred  to,  but  it  must  be  understood  that,  physically,  it 
is  the  shaded  portion  that  is  considered.  The  method  used  is  to  catch 
the  eye. 

Ifp„andp  be  the  pressures  on  the  two  ends  of  the  cylinder  per 
unit  of  area,  the  resultant  pressure  will  be  {j>„  —  p)  n  i^^. 

If  E  be  considered  of  the  same  nature  as  the  friction  coefficient  on  the 
sides  of  the  pipe,  in  so  far  that  it  may  be  represented  as  a  force,  and  a 

Tfn 

factor,  — ,  be  introduced  to  include  any  possible  effect  due  to  the 
m 

absolute  size  of  the  pipe,  then  the  frictional  resistance  on  the  surface 

of  the  cylinder,  the  radius  of  Avhich  is  r,  will  be 

B^     V    d[v,^v) 

1  It  r  I  (i  q  E  rr —    — ^—. . 

^       m    2  g         dr 
In  uniform  motion  the  sum  of  these  must  be  0;  or,  Bva.ce  p^  — ;>  = 
g  h,  in  which  p  is  the  density  of  the  liquid, 

-^       '  ^       m    2  g         dr 
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Mr.  Tutton.  Eeducing  this  expression,  and  stibstituting  —  =  s,  the  piezometric 

gradient,  or,  as  usually  understood,  the  slope, 

B"'     E     V  d  V  r  s 

m     2  g     d  r  2 

or  V  dv  = -^^  r  d  r. 

Integrating  this  expression  between  the  limits,  v  ^=  v  and  v=  V,  corre- 
sponding to  which  are  the  radii,  r  ^^  r  and  r  =  0,  there  results 

V'-v'  =  '^r' (1) 


E^ 


But  when  v  =  0,  assuming  there  is  no  slip  along  the  sides  of  the  pipe 
as  an  effect  of  the  viscous  resistances,  r  becomes  equal  to  R. 

2  _  m  g  s  „2 

mas         V^ 

^^•1  ^^  =  ^1 (2) 

Substitute  this  in  (1),  and 

Ri      ' 
whence,  dividing  through  by  V^  and  transposing 

2  2 

V  V 

Tr+-^  =  l ^3> 

showing  that  the  curve  of  velocity  is  a  true  ellipse,  the  semi-axes  of 
which  are  Fand  R. 

From  (1)  


GR" 
or  by  the  relation  in  (2) 

and  there  is  obtained  for  the  mean  velocity  in  the  "  dome," 

whence  U.  —  ~     r^  ^  ^  p  U) 

'~b\Itw^ *  ' 

and  which  is  of  the  form 

U,  =  b  R^~^"X/S' (5) 

b  being  equal  to  g-^-^-^,  constant  for  all  sizes  of  pipe,  so  long  as  the 

temperature  is  constant,  and  entirely  independent  of  the  friction  along 
the  sides  of  the  pipe. 

Now,  for  the  cylindrical  portion,  A  B,  in  which  the  velocity  is  Vg, 
and  not  only  uniform  but  equal  in  each  fillet,  if  the  ordinary  assump- 
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tion  be  made  that  the  resistances  are  proportional  to  the  square  of  the  Mr.  Tutton. 
velocity,  the  equation  for  equilibrium  will  be 

or  v^=^RS (6) 

which  is  of  the  form 

^0  =  «  -/"^R^'. (7) 

Adding  (5)  and   (7)  then  obtains  the  general  mean  velocity  in  the 
pipe 

U=v„+  Z7i=  («  +  b  R~^)  V^~S (8) 

in  which  R  is  the  actual  radius  of  the  pipe,  a  is  a  factor  depending 

solely  upon  an  absolute  coefficient  of  friction  on  the  sides  of  the  pipe, 

and  ft  is  a  factor  depending  solely  upon  viscosity  and  temperature. 

2  r' 
The  parameter,  P,  of  this  ellijise  being  -j^^,  which  by  (2)  is  equal 

0  rn  n  ^  p    7?'* 

to M^  there  results  S  =  ^ F,  or  the  effect  of  chanfnnc;  the  slope 

is  simply  to  increase  the  parameter  of  the  ellipse  in  a  direct  ratio,  or 
s  varies  with  V~,  as  it  should. 

That  the  viscous  resistances  are  a  very  important  factor  is  shown 
by  the  fact  that  if  the  authors'  ratio  of  cylinder  to  dome  be  correct, 
0.52  and  0.48,  viscosity  would  account  for  38%"  of  the  entire  resistance. 

In  comparing  this  formula  with  the  Chezy  form,  it  is  necessary  to 
change  it  so  that  R  represents  the  hydraulic  radius.     For  this,  make 


a  =  ^^;b  =  l       ^- 
j      |2^       2^'     \^  J^l    ,-— 


ni_g 
e 
and  it  becomes 


(9) 


The  final  form  will  depend  upon  the  values  given  to  m  and  n.  Here 
it  will  be  assumed  that  m  =  1;  then,  if 

n  =  —1  U=  (a  +  b  i2)j/  R  S__       Dupuit's  form. 

n=       0  U=  (a  -{-b  \/  R]  V  R  S       Manning's  form, 

n  =        1  U=  (a  -{-  b)  V R^  Here  adopted. 

71=       2  U^  (ci  +  77^)  VR^      Etc. 

Dupuit  obtained  his  form  from  a  theory  somewhat  similar  to  that 
of  Bazin.  Manning's  was  purely  empirical,  being  deduced  from  a 
plotted  curve. 

In  adopting  the  form,  U=  {a  +  b)  V  R  S,  the  mistake  must  not  be 
made  of  considering  it  equivalent  to  the  Chezy,  U  =  C  V  RS,&»a  and  b 
are  constants,  the  properties  of  which  are  entirely  independent.      It 
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Mr.  Tutton.  may  be  -written  in  the  following  shape,  in  which  it  is  perfectly  homo- 
geneous and  applicable  to  any  svstem  of  units : 


/    {       ■    3  N 


RS 


E       ) 


but,  to  show  its  character,  it  is  better  written 

Now,  if  0.84  be  the  constant  ratio  of  mean  to  maximum  velocity, 
1  2 

as  the  value    /— -  must  account  for  0.52  Uand  ~     7=  for  0.32  U,  then 
V  f  3  V  £ 

32  104 

must  exist    /-t-  =  ~/=^,  whence  f  =  0.857£;   should  the  relation  be 

0.83,   then/=1.08£;  should  it  be  0.85,  then  /•=0.669e;  but   should 

5 
it  be  -^  =  0.8333,  then/  =  s,  whence  it  will  be  seen  that  a  very  slight 

change  in  ratio  of  mean  to  maximiim  velocity  makes  a  very  great 
change  in  the  ratio  of  /  to  f ,  which  would  indicate  that  0. 8333  was  a 
more  preferable  mean  ratio  than  0.84  assumed  by  the  authors,  but  one 
that  is  likely  to  change,  and  is  not  constant. 

The  main  object  of  the  writer  being  to  present  a  theory  of  the 
ellipse  as  the  true  velocity  curve,  further  determination  of  the  con- 
stants applicable  to  this  formula  will  not  be  attempted.  Suffice  it  to 
say  that  a  correct  determination  of  e  has  yet  to  be  made,  as  it  is  not 
thought  that  the  Poiseuille  formula  has  a  correct  basis,  or  that  the 
coefficient  of  ^•^scosity  deduced  therefrom  is  applicable,  except  within 
exceedingly  narrow  limits.  Its  form  would  have  to  be  changed  for 
use  in  the  preceding,  were  it  thought  applicable. 

As  a  practical  formula,  experience  may  show  the  assumption  ?i  =  0 
preferable,  or 

U=  C^V^iVK  +b  R) 
which,  if  b  be  given  the  value  4,  becomes  almost  identical  with  Pro- 
fessor Robert  Manning's  formula*,  adapted  to  English  measures, 

U  =  C,  VS{VR+r  R  —  0.05), 
the  accuracy  of  which  has  been  too  well  verified  to  require  farther 
notice  here.     This  is  practically  identical  with  a  formula, 

1  54       ^    i 
n 
previously  presented  by  the  writer  f  (the  agreement  being  also  noted 
by  Professor  Manning),  in  which  n  has  Kutter's  value. 

The  authors  make  a  rather  startling  assertion  in  Conclusion  K,  that 

•  Transactions,  Inst,  of  Civ.  Eng.  of  Ireland,  Vol.  20,  p.  161.  ' 

+  Journal  of  the  Association  of  Engineering  Societies,  October,  1899. 


DISCUSSION    ON    FLOW   OF    WATER   IN    PIPES.  221 

curves  of  short  radius,  down  to  a  limit  of  2J  diameters,  oflfer  less  re-  Mr.  Tutton. 
sistance  than  do  those  of  longer  radius,  and  that  all  theories  hitherto 
presented  are  incorrect  and  diametrically  opposite  to  the  true  condi- 
tions. The  writer  thinks  that  the  effect  of  viscosity  should  be  more 
thoroughly  investigated  before  accepting  this  statement.  As  he  un- 
derstands it,  both  dome  and  wall  losses  of  head  have  been  included  in 
the  exponent  u  as  api^lied  to  total  mean  velocity.  It  has  often  been 
suggested  that  the  assumption  upon  which  Equation  (6)  is  based  is  in 
error,  and  it  has  again  been  suggested  that  the  pressure  head  meas- 
ured by  a  circumferential  piezometer,  or  rather  the  loss  of  head,  is 
only  applicable  to  v,,  of  the  present  note,  and  not  to  the  U^,  due  to 
viscosity.  These  suggestions  require  further  investigation,  which  may 
show  Conclusion  K  to  be  in  error. 

Conclusion  /is  undeniable,  but  how  far  ./is  true  will  depend  upon 
what  is  above  stated  in  reference  to  K. 

J.  L.  Campbell.  M.  Am.  Soc.  C.  E.  (by  letter). — The  authors  deserve  Mr.  CampbeU. 
credit  for  develoj^ing  the  Pitot  tube  and  differential  gauge  for  measur- 
ing velocity  and  pressure,  but  the  fact  that  the  tube  registers  nega- 
tively when  the  point  is  obliqiie  to  the  current  apiiears  to  limit  its 
application.  It  would  be  instructive  on  its  action  to  present  traverses 
of  the  pipes  on  the  curves. 

From  the  data  given  on  the  increase  of  resistance  in  curves  of  long 
radius  over  those  of  short  radius,  it  is  evident  that  this  is  due,  not  to 
the  longer  radius,  but  to  the  greater  length  of  curve;  but  the  increase 
of  resistance  is  less  than  that  of  length. 

Undoubtedly,  with  a  given  velocity,  the  intensity  of  disturbance, 
and,  consequently,  of  resistance  in  a  sharp  turn  is  greater  than  in  a 
gentle  turn;  but  with  equal  angular  deflections  it  acts  through  a 
shorter  distance.  As  this  greater  intensity  of  the  shorter  turn  multi- 
plied by  its  lesser  distance  is,  apparently,  smaller  than  the  Ifesser 
intensity  of  the  long  turn  multiplied  by  its  greater  distance,  the  larger 
resistance  of  the  latter  is  clearly  due  to  the  continued  agitation  of  the 
water  in  the  long  curve. 

On  the  other  hand,  if  this  is  true,  the  increase  of  intensity  on 
going  from  a  gentle  to  a  sharp  turn  is  not  proportional,  within  a  wide 
limit,  to  the  decrease  in  length  of  radius,  and  the  experiments  in  hand 
appear  to  indicate  that  here  is  a  relation  that  existing  formulas  fail  to 
express  correctly. 

Water  being  instantly  and  perfectly  responsive  to  disturbance  of 
its  equilibrium,  it  is  readily  conceivable  that  the  agitation  and  counter 
currents  set  up  by  the  deflections  of  a  curve  of  10  ft.  radius  will  be 
more  than  half  as  great  as  those  due  to  one  of  5  ft.  radius.  As  the 
former  is  twice  as  long  as  the  latter,  it  is  obvious  that  its  resistance 
would  be  greater.  This  assumes,  of  course,  that  the  disturbance  of 
the  water  continues  throughout  the  length  and  begins  to  end  at  the 
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Mr.  Campbell,  termination  of  the  curve.     This  would  probably  be  shown  to  be  sub- 
stantially true  by  tests  with  the  Pitot  tube. 

It  is  fairly  demonstrated,  theoretically  and  practically,  that  the 
resistances  of  railway  curves  do  not  decrease  as  raj)idly  as  the  radii 
increase.  As  this  is  true  of  the  comparatively  inelastic  movement  of 
a  railway  train,  there  is  ample  warrant  to  believe  it  will  hold  for  a 
jierfectly  elastic  fluid. 

The  experiments  should  take  a  wider  range.  Smaller  diameters  and 
higher  velocities  would,  no  doubt,  give  results  diSering  in  degree  at 
least. 

After  all,  the  results  are  not  wholly  diametrically  opposed  to  all 
authorities.  Above  a  radius  of  5  diameters,  Weisbach's  formula  gives 
no  advantage  for  longer  radii,  making  the  resistance  practicaDy  con- 
stant. 

In  the  discussion  of  this  subject,  Mr.  Henry  gives  an  illogical 
interijretation  and  conclusion  in  stating  that  the  least  resistance  to 
flow  would  be  in  a  pipe  having  the  greatest  number  of  sharp  right- 
angle  bends. 

To  avoid  such  confusion,  it  must  be  remembered  thdt  the  total 
angular  deflection  in  all  the  experiments  was  the  same  (90°)  for  each 
case,  and,  consequently,  that  the  lengths  of  the  curves  of  different 
radii  varied. 

The  net  result  was  a  less  total  resistance  for  the  greater  intensity 
of  the  short  turn  acting  through  the  shorter  distance,  and  a  greater 
total  resistance  for  the  lesser  intensity  of  the  long  turn  acting  through 
the  longer  distance.  This  is  tersely  stated  by  Mr.  Church.  But  this 
is  no  justification  for  the  conclusion  that,  foot  for  foot  of  length,  the 
short  turn  gives  less  resistance  than  the  long  turn.  As  a  matter  of 
fact,  it  is  known  that  the  short  turn  would  give  the  greater  resistance, 
and  the  results  of  the  experiments,  taken  in  connection  with  the 
relative  lengths  of  the  curved  portions  of  the  pipes,  prove  this. 

Suppose,  for  example,  that  there  are  two  hollow  rings  of  12-in.  pipe, 
each  full  of  water,  one  having  a  radius  of  1  ft.  and  the  other  a  radius 
of  2  865  ft.  Suppose  the  Avater  in  each  is  made  to  flow  under  a  uni- 
form pressure  and  velocity  once  around  the  cii-cle  of  360  degrees. 

Common  sense  and  a  superficial  knowledge  of  the  properties  of 
water  are  sufficient  to  satisfy  us  that  the  resistance  to  flow  in  the 
small  ring  could  not  be  2  865  times  as  greai  as  that  in  the  large  ring. 
It  is  obvious  that  the  total  resistance  once  around  the  small  ring  is 
very  materially  less  than  around  the  large  one,  but  equally  apparent 
that  the  intensity  of  resistance  per  unit  of  length  in  the  large  ring  is 
very  much  less  than  in  the  small  one. 

Let  (/  3=  the  length  of  the  short  ring,  h  =  the  length  of  the  long 
ring,  X  =  the  intensity  of  resistance  in  the  short  ring,  and  y  the  in- 
tensity of  resistance  in  the  long  ring  per  unit  of  length.     Then  y  &  > 
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X  a.     As  the  writer  understands  the  deductions  of  the  aiithors,  they  Mr.  Campbell. 
assert  nothing  more  than  the  foregoing. 

Neither  do  Mr.  Henry's  exceptions  to  the  results  of  the  experi- 
ments, showing  that  the  locus  of  maximum  velocity  maybe  away  from 
the  center  of  a  pipe,  appear  to  be  well  taken,  on  the  assumj^tion  that 
said  locus  must  be  on  the  center,  because  the  latter  point  is  farthest 
removed  from  causes  of  retardation.  Theoretically,  that  assumption 
is  all  right,  assuming,  in  addition,  that  the  perimeter  of  the  pipe  gives 
a  uniform  resistance  all  the  way  around,  and  that  the  pressure  is  like- 
wise uniform.  As  a  matter  of  fact,  these  conditions  do  not  always  ob- 
tain, and,  in  pipes  of  large  diameter,  the  pressures  at  the  top  and 
bottom  are  never  equal.  Suppose,  for  example,  that  the  bottom  of 
the  pipe  is  covered  with  sand  and  gravel,  or  that  one  side  is  rougher 
than  the  other:  Under  such  conditions  could  it  be  expected,  even 
theoretically,  that  the  maximum  velocity  would  be  found  on  the 
center?    Certainly  not. 

Again,  the  writer  does  not  believe  that  the  theoretical  assumption 
referred  to  is  necessarily  logical.  That  it  agrees  well  with  observed 
facts  under  perfect  practical  conditions  he  does  not  question,  but  sup- 
jjose  it  is  made  absolutely  theoretical,  and  it  is  assumed  that  there  is 
no  resistance  to  flow  in  the  pipe  from  the  surface  of  the  latter,  the  vis- 
cosity of  the  water,  air,  or  any  cause  whatever.  Would  it  not  follow 
that  the  greatest  velocity  would  be  along  the  bottom  of  the  pipe,  due 
to  the  greater  pressure  there?  In  view  of  the  many  things  that  can 
and  do  upset  theoretical  conditions,  it  is  not  at  all  surprising  that  the 
experiments  in  question  found  the  maximum  velocity  away  from  the 
center  in  many  cases. 

In  conclusion,  a  point  may  be  noted  which  is  favorable  to  long 
curves,  as  against  very  short  ones,  in  laying  a  line  of  pipe,  viz.:  the 
former  will  give  a  shorter  total  length  of  line,  neutralizing  to  some 
extent  the  advantage  of  the  shorter  turns.  With  two  lines,  each 
having  ten  90°  bends,  one  laid  on  radii  of  60  ft.  and  the  other  on  radii 
of  2^  ft.,  the  former  would  be  196.7  ft.  the  shorter. 

Charles  W.  Sherman,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter).— The  Mr.  Sherman, 
prior  use  of  oil  in  a  differential  gauge,  for  the  purpose  of  increasing 
the  difference  in  height  between  the  two  water  columns,  was  unknown 
to  the  authors  of  this  paper,  as  stated  by  them  in  a  foot-note  on  page 
73,  and  they  will  doubtless  be  surprised  to  learn  that  this  process 
was  patented  on  March  24th,  1885,  by  the  late  Henry  Flad,  M.  Am. 
Soc.  C.  E.,  of  St.  Louis,  the  patent  being  numbered  314  323.  The 
specifications  forming  part  of  the  application  include  a  number  of 
drawings,  and  a  detailed  description  of  the  principle  upon  which  it 
is  based,  as  well  as  of  some  of  its  applications.  The  first  of  the  nine 
claims  on  which  the  patent  was  granted  is  in  part  as  follows: 

"  1.  The   herein-described   method   of  indicating  the  velocity  of 
running  fluid,  the  same  consisting  in  causing  two  columns  of  the  fluid 


224  DISCUSSION    ON    FLOW    OF    WATER   IN    PIPES. 

Mr.  Sherman,  to  be  respectively  acted  upon  simultaneously  by  the  impact  and 
suction  or  draft  of  the  stream,  and  connecting  the  upper  ends  of  said 
columns  directly  by  an  inclosed  fluid  medium  having  a  less  specific 
trravitv  than  that  of  the  fluid,  the  velocity  of  which  is  to  be  ascer- 
tained"!    *     *     *" 

In  spite  of  their  conclusion  that  "  under  some  conditions,  in 
straight  pipe,  there  is  a  difiference  of  pressure  at  different  points 
around  the  circumference  of  the  same  cross-section,"  the  authors 
seem  to  have  generally  used  as  a  piezometer  connection  a  single  cor- 
poration cock  screwed  vertically  into  the  top  of  the  pipe,  and  to  have 
acce^sted  the  data  obtained  from  these  piezometers  without  question. 

The  writer  is  of  the  opinion  that  when  it  is  not  feasible  to  tap  more 
than  one  hole  in  a  pipe  for  a  piezometer  connection,  this  hole  should 
not  be  higher  than  45^  above  the  horizontal  diameter.  In  some 
experiments  on  flow  of  water  in  a  30-in.  pipe,  made  some  years  ago, 
he  used  three  piezometers,  each  connection  consisting  of  a  corporation 
cock  tajjped  vertically  into  the  top  of  the  pipe;  and  while,  by  the 
exercise  of  great  care  and  frequently  blowing  oflf  the  air,  good  results 
were  obtained  from  two  of  them,  the  collection  of  air  at  the  third  was 
so  great  that  its  value  was  seriously  impaired,  if  not  entirely  destroyed. 

The  writer  has  not  been  able  to  give  to  the  paper  the  attention 
which  it  deserves,  but  it  would  seem  to  him  from  such  study  as  he 
has  given  to  it  that  the  authors  have  not  sufficiently  appreciated  how 
large  a  proportion  of  the  frictional  loss  of  head  in  ordinary  water 
pipes  is  due  to  the  joints.  Curves  of  long  radius  invariably  contain  a 
number  of  joints,  while  short-radius  curves  contain  few  or  none. 
This  would  be  one  reason  why  curves  of  short  radius  should  offer  less 
resistance  to  the  flow  of  water. 
Mr.  Henry.  J).  Farkand  Henry,  M.  Am.  Soc.  C.  E. — There  must  be  something 
wrong  in  the  observations  or  the  deductions  when  the  authors  reach 
conclusions  on  two  points  so  diametrically  opposed  to  accepted 
theories. 

Fii-st:  That  the  friction  in  pipes  increases  with  the  radius  of  curv- 
ature. They  claim  that  the  least  friction  was  found  in  a  90°  curve 
with  a  radius  of  2  to  2.5  diameters,  and  the  greatest  in  a  similar  curve 
with  a  radius  of  24  diameters.  Can  it  not  be  legitimately  concluded 
that  a  line  of  pipe  through  which  the  water  will  flow  with  the  least 
friction  must  have  as  many  sharp  right-angle  bends  as  possible? 

Second:  That  the  locus  of  maximum  velocity  in  a  circular  pipe 
may  be  anywhere  except  in  the  center.  The  heretofore  recognized 
theory  in  regard  to  this  locus  is  admirably  expressed  by  M.  Dubuat: 

*  "  When  the  flow  of  water  has  become  uniform  in  an  inclined  pipe 
the  fillet  which  occupies  the  axis  moves  Avith  the  greatest  velocity, 
because  it  is  furthest  from  the  cause  of  retardation,  that  is,  the  outer 
walls." 

In  other  words,  the  fastest  current  follows  the  line  of  least  resist- 

♦  "  Principes  Hydrauliques,"  I,  p.  65. 
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ance.     This  has  been  tlie  teaching  of  all  velocity  measurements,  from  Mr.  Henry, 
the  small  experimental  canals  to  the  largest  rivers. 

The  velocity  observations  in  small  canals  by  MM.  Darcy  and 
Bazin*  are  very  numerous,  and  are  given  in  such  detail  that  the  locus 
of  maximum  velocity  can  be  readily  found.  In  rectangular  canals  the 
maximum  velocity  was  in  or  near  the  center  vertical,  and  where  the 
depth  was  less  than  one-fourth  of  the  width  it  was  at  the  surface; 
with  the  depth  equal  to  one-half  the  width  it  descended  to  about 
one-third  of  the  depth,  the  friction  on  the  perpendicular  sides  seem- 
ing to  force  the  locus  beneath  the  surface.  In  triangular  canals  the 
surface  velocity  was  greatest  until  the  depth  Avas  about  one-third  of 
the  width,  and  in  semi-circular  and  trapezoidal  cauals,  theefifect  of  the 
sides  seemed  to  be  between  that  of  the  triangular  and  rectangular 
forms.  MM.  Darcy  and  Bazin  remark  that  the  friction  of  the  air  has  much 
less  influence  in  retarding  the  upper  layers  than  this  curious  influence 
of  the  sides.  Among  their  observations  were  some  on  a  rectangular 
canal  covered  at  the  toj?  and  running  full,t  being  the  same  as  a 
pipe  conveying  water  under  a  light  jiressure.  The  observations  were 
taken  at  the  intersections  of  imaginary  lines  crossing  the  tube  at 
right  angles  or  jjarallel  to  the  sides  of  the  covered  canal.  These  read- 
ings were  then  jjlotted  and  curves  drawn  throiigh  points  of  equal  veloc- 
ity.    Of  these  they  say: 

"The  curves  are  extremely  regular,  and  differ  very  little  from  rect- 
angles of  which  the  sides  are  parallel  to  the  sides  of  the  tube. 
*****  'jjjg  curves  of  equal  velocity  evidently  tend  to  repi'o- 
duce  the  form  of  the  water,  and  we  notice  that  in  following  the  con- 
tour of  the  tube  they  preserve  very  nearly  their  resjjective  distances." 

Similar  observations,  but  on  a  much  larger  scale,  were  made  hy  M. 
Racourt  one  winter  on  the  Neva  when  it  was  covered  with  ice,  forming 
a  tube  930  ft.  wide  and  60  ft.  deep.  The  maximum  velocity — about  2 
miles  an  hour— was  found  a  little  below  the  center  of  the  deepest  ver- 
tical, while  in  the  summer  it  was  at  or  near  the  surface.  The  first 
Chicago  water-works  tunnel,  a  brick  tube  2  miles  long  and  5  ft.  in 
diameter,  was  gauged  with  the  Telegraphic  current  meter,  and,  though 
the  observations  were  too  few  to  jilot  more  that  one  curve,  it  was  fairly 
regular,  with  the  maximum  velocity  in  the  center. 

All  other  sei'ies  of  observations  to  which  the  writer  has  access, 
except  one,  confirm  this  law:  In  pipes  the  maximum  velocity  is  in  the 
center,  in  narrow  canals  it  is  at  more  or  less  depth  below  the  surface, 
according  to  the  ratio  between  the  depth  and  width,  and  in  rivers  it  is 
at  or  near  the  surface,  always  being  in  the  line  of  least  resistance. 
The  exception  is  given  in  the  report  of  Humphreys  and  Abbott  on  the 
gauging  of  the  Mississippi,  where  it  is  claimed  that  the  maximum 
velocity  was  at  about  one-third  of  the  depth;  but  as  the  writer  has 

*  "  Recherches  Hydrauliques,"  p.  187  et  neq. 
t/dem,  pp.  17-1  and  175. 
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.Mr.  Henry,  elsewhere  shown  *  the  Mississippi  observations  were  made  to  conform 
to  the  vertical  velocity  curve  observed  in  a  little  canal.  It  may  seem 
foolish  to  review  all  this  old  work,  but  when  an  explorer  attemj)ts  to 
leave  the  beaten  i^ath  it  is  well  to  at  least  look  at  the  records  of  those 
who  blazed  the  trail. 

The  velocity  curves  jjlotted  in  the  jjlates  which  accompany  this 
paper  remind  the  writer  of  his  desisair  when  he  first  tried  to  plot  the 
double  float  observations  made  during  the  first  year  of  the  work  in 
determining  the  outflow  of  the  Great  Lakes.  The  plotted  velocity 
measurements  were  just  about  as  irregular,  and  he  felt  like  giving  up 
the  work  in  disgust.  The  observations  of  Humphreys  and  Abbott  on 
the  MississijDpi — the  only  other  extended  series  of  double  float  obser- 
vations of  which  he  has  any  knowledge — were  just  as  erratic.  Of 
sixty -nine  selected  vertical  curves,  which  they  used  in  the  calculation 
of  their  formula,  twenty-three  gave  the  velocity  at  the  bottom  greater 
than  at  the  surface,  in  some  cases  by  more  than  1  ft.  a  second. 

Of  these  observations.  Dr.  Hagen  says : 

t ' '  Extraordinary  anomalies  are  shown  where  these  series  are 
graphically  represented.  In  some  of  them  the*curves  are  quite  regu- 
lar, but  in  others  the  velocity  remains  nearly  the  same  from  the 
surface  to  the  bottom,  but  frequently  with  increasing  depth  it 
increases  and  decreases  considerably.  Generally,  the  velocity  decreases 
with  the  depth,  but  a  few  series  have  an  opposite  tendency,  that  is,  a 
surjirising  increase  near  the  bottom  of  the  river." 

The  trouble,  then,  was  not  entirely  due  to  errors  of  observation, 
but  the  floats  were  at  fault.  Some  instrument,  therefore,  had  to  be 
found  that  would  better  record  the  velocities,  or  the  work  would  have 
to  be  abandoned.  The  best  form  then  known  was  the  "  Woltman 
Mill"  or  "Tachometer."  There  Avere  many  modifications  of  this 
device,  the  Saxton's  meter  being  perhaps  the  best.  But,  as  shown  by 
Mr.  Baumgarten,J  while  it  was  unexcelled  in  work  in  shoal  water,  it 
was  impracticable  in  deep  rivers.  Fortunately,  there  came  the  idea  of 
recording  the  revolutions  of  the  wheel  electrically,  and  so,  for  the 
next  two  years,  the  velocities  in  the  rivers  connecting  the  Great 
Lakes  were  very  satisfactorily  measured,  and  there  was  very  little 
more  trouble  from  eccentric  curves.  M.  Baumgarten  calibrated  his 
little  "  Mill  "  by  drawing  it  through  still  water  and  by  comparing  it 
with  floats.  The  coefficient  of  the  Telegraphic  current  meter  was  also 
obtained  by  drawing  it  through  still  water,  and  it  was  also  compared 
with  floats  at  all  depths.  |  At  the  surface  the  agreement  was  very 
close,  but  toward  the  bottom  the  floats  gave  higher  velocities  than  the 
meter.  In  1870  the  late  E.  S.  Chesbrough,  M.  Am.  Soc.  C.  E.,  Chief 
Engineer  of  Public  Works,  Chicago,  found  that  the  formulas  for  the 

*  "  Flow  of  Water  in  Rivers  and  Canals." 

+  "  Bewegung  des  Wassers,"  p.  6. 

t  Annates  des  Fonts  et  Chaussees,  1817. 

i  "Flow  of  Water  in  Rivers  and  Canals,"  p.  13. 
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flow  of  water  in  pipes  gave  about  20%  less  water  flowing  tbrougb  tlio  Mr.  Henry, 
lake  tunnel  than  was  recorded  by  the  pumps,  and  be  asked  that  a 
Telegraphic  current  meter  might  be  used  to  measure  the  velocity  of 
flow  in  the  tunnel.  An  assistant  was  sent  with  a  meter,  and  observed 
the  velocity  at  diff'erent  points  in  the  tunnel  during  parts  of  three 
days  only.  The  flow  calculated  from  these  measurements  was  97^%" 
of  the  amount  recorded  by  the  pumps,  and  as  the  pumps  were  esti- 
mated to  have  about  2%  slip,*  the  correctness  of  the  coeflScient  of  the 
meter  was  pretty  well  proven. 

Thus,  by  the  use  of  the  meter,  the  writer  was  saved  from  the 
temptation  of  following  Humjjhreys  and  Abbott,  or  of  advancing 
theories  utterly  at  variance  with  the  laws  of  flowing  water.  Of  course, 
the  floats  were  at  fault,  even  as  now  it  seems  that  the  instruments  used 
were  not  fitted  for  the  work,  for  the  patient  and  eflBcient  work  of  the 
authors,  and  the  fullness  with  which  they  have  presented  every  detail 
cannot  be  too  highly  praised. 

Pitot's  tube,  when  presented  to  the  French  Academy  by  the  inven- 
tor,t  was  simply  a  glass  tube,  ciuved  90-  at  the  bottom,  with  an  orifice 
of  considerably  less  area  than  the  tube.  To  this  was  soon  added  a 
second  tube  oj^en  at  the  bottom.  In  a  pajier  read  before  the  Academy, 
M.  Dubuat  speaks  of  the  Pitot  tube,  J  and  suggests  that  the  tubes  be 
made  of  tin,  containing  floats  carrying  a  rod  moving  in  front  of  a 
scale  from  which  the  heights  can  be  read.  But  M.  Bazin  first  made 
it  an  instrument  of  i^recision.^  He  constructed  the  lower  portion  of 
the  two  tabes  of  brass  or  coi^j^er  with  a  cock  at  the  upjjerend  of  each, 
controlled  by  a  single  handle.  Above  this  the  tubes  were  of  glass, 
joined  at  the  top,  with  a  small  tube  closed  by  a  cock.  Between  the 
glass  tubes  was  a  scale  suitably  graduated.  In  operation,  the  tubes 
were  placed  in  the  water,  and,  by  means  of  the  small  tube,  the  air 
was  partially  exhausted,  causing  the  water  to  rise  to  a  convenient 
reading  height,  when  the  cock  in  the  small  tube  was  closed,  and  the 
water  rose  and  fell  according  to  the  action  of  the  current,  there  being 
always  a  partial  vacuum  over  it  in  the  tubes.  A  cord  was  fastened 
to  the  handle  of  the  lower  cock,  so  that  it  could  be  closed  quickly 
when  the  water  in  the  columns  was  at  maximum  or  minimum.  MM. 
Darcy  and  Bazin  calibrated  these  tubes  by  three  different  methods  :|| 

*  "Flow  of  Water  in  Rivers  and  Canals,"  p.  61. 

Note.— Mr.  Chesbroiigh  calculated  the  flow  of  water  in  the  tunnel  by  several 
formulas,  which  gave  the  following  percentages:  Hawkesley,  H4V;  Blackwell,  H5V; 
Prony  (1).  73°„';  Prony  (2),  79.V;  Eytelwein.  84?^ ;  DAubuison  (1),  81^';  D'Aubuison  (2), 
81V,  and  Weisbach  83  per  cent.  The  list  was  continued  by  the  writer,  to  embrace  the 
more  modem  formulas,  as  follows:  Neville,  85,°„  ;  Jackson,  88?,' ;  Saint  Venant.  UM.V ; 
Darcy,  99."„  :  Fanning,  IKLV;  Kutter,  ^'iH ,  and  SuUiviin,  li«)  per  cent. 

The  later  formulas  contain  ''a  coefficient  of  roughness,  /i,"  for  which  a  value  has 
been  assumed  fulfilling  as  nearly  as  possible  the  conditions  >f  the  tunnel. 

It  is  unfortunate  that  the  Kutter  formula,  which  has  been  prai.-ed  so  much,  should 
have  been  largely  founded  on  the  Mississippi  observations  of  Humphreys  and  Abbott. 

+  Meinoires  de  I'Acculemie,  1732. 

t  M^moires  de  V Academic,  1753. 

§  Annates  des  Pouts  et  Chaussies,  1858. 

II  "Recherches  Hydrauliques,"  pp.  64  et  seq. 
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Mr.  Henry.  First. — By  placing  the  tube  in  front  of  a  boat  and  drawing  it 
through  still  water  at  different  velocities.  This  gave  a  coeflacient  of 
1.034. 

Second. — By  ol)serving  the  readings  in  a  stream,  the  velocity  being 
obtained  by  floats.     Coefficient,  1.006. 

Third. — By  readings  taken  in  different  parts  of  a  canal  in  which 
the  amount  of  water  passing  was  known  by  measurement  of  its 
volume.     Coefficient,  0.993. 

The  first  coefficient  was  considered  to  be  too  large,  as  the  bow  of 
the  boat  would  probably  be  raised  in  being  drawn  through  the  water, 
and  the  tube  tilted,  the  current  thus  striking  the  orifice  at  an  angle. 
These  gentlemen  also  calibrated  three  other  tubes,  which  show  what 
a  marked  effect  upon  the  coefficient*  is  jiroduced  by  changing  the 
position  of  the  orifice  in  the  second  tube. 

TABLE  No.  55. 


Position  of  the  orifices. 


1.  The  orifice  in  the  fli-st  tube  directed  against 
the  current  and  in  the  second  at  right 
angles  to  it 

'Z.  The  ends  of  both  tubes  directed  against  the 
current,  but  the  orifice  in  the  second 
stopped  at  the  end  and  pierced  laterally 
by  an  opening  of  1  mm '. 

3.  The  orifice  in  the  first  tube  directed  against 
the  current,  and  that  of  the  second  in 
the  direction  of  the  current,  both  in  the 
axis  of  the  stream 


Method  of  gauging. 


By  floats  in  still 
water. 


By  floats  in  still 
water. 


By  floats  in  still 
water. 


Thus,  this  is  a  very  delicate  instrument,  and  requires  careful  adjust- 
ment and  handling.  It  may  be  almost  perfect  in  the  measurement  of 
velocities  in  little  open  canals,  but  we  cannot  predicate  from  that 
that  it  will  work  under  pressure.  Put  the  Bazin  tube  through  the 
side  of  a  water  pipe  in  which  the  pressure  is  50  lbs.  or  more;  the  air 
will  be  comjiressed  above  the  water  columns  and  the  action  may  be 
entirely  different  from  that  which  obtains  when  there  is  a  jiartial 
vacuum  above  them.  This,  the  authors  themselves  discovered.  The 
coefficient  found  by  drawing  the  tube  through  still  water  was  nearly 
unity,  ^yhile  in  a  2-in.  pipe,  through  which  a  known  quantity  of  water 
was  flowing,  it  was  very  much  less.  Had  the  pipe  been  of  the  size  of 
those  experimented  on,  and  the  pressure  equal  to  that  of  the  water- 
works, the  coefficient  might  have  been  still  more  different  from  that 
deduced  from  the  still-water  measurements.  But  this  would  only  be 
<if  consequence  did  we  want  to  know  the  amount  of  water  passing 
through  the  mains.  It  does  not  explain  the  erratic  velocities  shown  in 
the  plates.  It  only  shows  that  the  Pitot  tube  is  not  a  proper  instru- 
*  "Recherches  Hydrauliques,"  Note  B,  p.  302. 
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ment  to  use  in  the  measurement  of  velocities  under  pressure.  A  more  Mr.  Henry, 
important  thing  to  consider  is  the  effect  of  the  iiulsations  in  flowiuf-- 
water.  Even  in  little  canals,  MM.  Darcy  and  Bazin  found  that  the 
velocity  of  the  current  was  constantly  changing,  though  its  effect 
upon  the  columns  of  water  in  the  tubes  was  minimized  by  the  orifices 
exposed  to  the  current  being  very  small.  The  lower  cock  was  closed 
when  the  water  columns  were  at  maximum  and  minimum,  so  that  the 
readings  w^ere  easily  taken.  Table  No.  56  shows  some  of  these 
changes.* 

TABLE  No.  56. 


Height  of  water  in  the 

Height  of  water  in  the 

Difference,  in 

Remarks. 

first  tube,  in  meters. 

second  tube,  iij  meters. 

meters. 

0.<153 

0.822 

0.131 

Maximum. 

0.948 

0.830 

0.118 

Minimum. 

0.950 

0.822 

0.128 

Maximum. 

0.945 

0.825 

0.120 

Minimum. 

0.933 

0.803 

0.130 

Maximum. 

0.925 

0.8a8 

o.iir 

Mminmm. 

The  fluctuations  given  in  Table  No.  56  varied  from  0.008  to  0.013  m. , 
or  from  0.3  to  0.4  in.  As  the  area  of  the  orifices  was  less  than  one- thou- 
sandth of  the  area  of  the  tubes,  the  actual  range  of  the  pulsations 
must  have  been  much  gi'eater.  These  pulsations  were  first  noticed  by 
M.  Baumgarten  in  his  measurements  of  the  Garonne. f     He  says: 

"  The  velocity  of  the  water  is  not  permanent  or  constant  at  the 
same  point.  *  *  *  These  oscillations  in  the  velocities  are  also  ap- 
parent in  the  change  of  level  of  the  surface  of  the  water.  If  a  iilumb- 
bob  be  so  hung  that  its  I'oint  will  just  touch  the  surface  at  one 
moment,  in  the  following  moment  it  will  either  be  plunged  into  the 
water  or  separated  from  it  to  a  greater  or  less  degree." 

The  Telegraphic  current  meter  was  the  first  instrument  to  actually 
record  these  pulsations,  for  by  putting  a  Morse  register  into  the  cir- 
cuit, evei-y  revolution  of  the  wheel  in  the  water  made  a  dot  on  the 
moving  paper.  They  seemed  to  follow  no  regular  law,  or  rather  their 
law  could  not  be  ascertained,  but  every  10  or  15  minutes  these  waves 
seemed  to  increase  and  then  diminish.  Near  the  bottom  they  were 
much  larger  than  at  the  surface,  the  maximum  velocity  measured 
being  often  double  the  minimum.  These  pulsations  are  found  wherever 
water  is  in  motion,  from  the  toy  fountain  to  the  Gulf  Stream.  They 
are,  apparently,  as  little  subject  to  known  law  as  the  very  similar  pul- 
sations of  air  in  motion.  Some  years  subsequently,  when  Chief 
Engineer  of  the  Detroit  Water-Works,  the  writer  arranged  a  glass 
mercury  gauge  at  such  height  that  the  maximum  pressure  would  bt> 
within  the  compass  of  the  tube.  There  being  then  a  reservoir  con- 
nected with  the  mains,  it  Vfhs  the  custom  of  the  engineer  to  stop  the 


♦"Recherches  Hydrauliques,"  p.  50. 
t  Annales  des  Fonts  et  Chaussees,  1847. 
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Mr.  Henry,  pumps  for  an  hour  or  two  each  night.  At  such  times  he  would  watch 
the  gauge,  and  the  mercury  would  be  continually  rising  and  falling, 
sweeping  through  6  to  8  ins.,  ordinarily,  but  every  few  minutes  making 
an  excursion  of  12  ins.  or  more,  a  change  of  pressure  of  5  or  6  lbs. 
The  authors  state  that  these  fluctuations  often  amounted  to  several 
inches,  and  attribute  them  to  the  action  of  the  pumps.  Doubtless, 
though  pulsations  common  to  all  flowing  water  will  be  influenced  by 
other  water  waves,  whether  due  to  the  pumps  or  other  causes,  and 
may  be  either  increased  or  diminished. 

For  some  unexplained  reason,  instead  of  taking  the  readings 
directly  from  the  Bazin  tube,  the  authors  used  a  separate  gauge,  con- 
nected to  it  by  rubber  pipes.  Had  the  pressure  been  constant,  possi- 
bly the  rubber  would  have  merely  been  distended  and  the  observations 
but  little  different  from  those  taken  on  the  tubes  directly,  as  they 
should  have  been,  but  the  ever-varying  pressures  must  have  had  an 
effect  on  the  elastic  connecting  pipes,  how  much  can  only  be  conjec- 
tured, but  it  seems  probable  that  the  erratic  velocities  recorded  are 
largely  due  to  these  elastic  pipes,  and  that  this  is  the  reason  why  the 
instrument,  which  in  the  hands  of  MM.  Darcy  and  Bazin  did  such 
good  work,  with  the  authors,  proved  so  utterly  unreliable.  Another 
cause  of  error  may  be  the  alignment  of  the  tube.  If  the  orifice  of  the 
first  tube  does  not  exactly  face  the  current,  the  readings  may  not  give 
the  true  velocity  of  flow.  MM.  Darcy  and  Bazin  rejected  the  coefli- 
cient  obtained  by  drawing  the  tube  through  still  water,  1.034  m.,  or 
1}  ins.  in  excess  of  unity,  because  they  considered  that  the  bow  of  the 
boat  might  have  been  raised  by  its  swift  passage  through  the  water. 
The  tube  was  placed  4  ft.  in  advance  of  the  boat;  the  length  over  all 
was  probably  20  ft.  The  rise  in  the  prow  was  jjossibly  3  ins.  more 
than  would  have  been  noticed,  or  one-eightieth  of  the  length.  The 
length  of  the  horizontal  portion  of  the  tube  Avas  about  1  in.,  so  that 
an  inclination  of  only  g-o"  in.  was  sufficient  to  make  the  coefficient  1^ 
ins.  above  unity.  The  turning  of  the  orifice  of  the  first  tube  only 
-ns  in.  to  either  side  might  make  an  error  ten  times  as  great. 

Then  there  may  have  been  small  cross-currents  in  the  tube,  which 
woxild  have  had  the  same  effect. 

In  the  rivers  and  in  a  700-ft.  base,  the  double  floats  often  ran  100 
ft.  or  more,  to  one  side  of  the  axis  of  the  current,  or  the  path  the 
majority  of  the  floats  were  following. 

It  seems  a  pity  that  this  careful,  patient  and  honest  work  was  not 
devoted  to  the  observations  of  some  such  instrument  as  the  Tele- 
graphic meter,  which  would  never  have  been  affected  by  differences  of 
pressure,  would  accommodate  itself  to  cross-currents,  and  the  observ- 
ers would  not  have  been  obliged  to  stand  out  in  the  cold  and  wet,  as 
the  wires  could  have  been  carried  to  any  sheltered  place;  rather  than 
wasted  on  this  ancient  tube,  which  is  very  well  in  its  place,  but 
uncertain  when  tried  in  closed  pipes,  under  pressure. 
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For  the  past  150  years,  tube,  mill  and  every  other  instrument  excejtt  Mr.  Henr>-. 
the  double  floats  have  recorded  the  maximum  velocity  in  the  line  of 
least  resistance,  the  latter  placing  it  anywhere  from  the  surface  to  the 
bottom  of  a  river;  and  it  is  scarcely  probable  that  these  observations 
will  be  accepted  and  all  previous  work  discarded,  any  more  than  the 
Humphreys  and  Abbott  formula,  founded  on  the  double  float  observa- 
tions, placing  the  maximum  velocity  at  three-tenths  of  the  depth, 
displaced  other  formulas  based  on  more  accurate  work. 

When  engineer  of  Palmer  Park,  near  Detroit,  where  water-works 
and  other  improvements  were  being  made,  the  writer  had  an  example 
of  the  retention  of  gas  by  water,  with  which  it  is  commingled, 
which  may  be  of  interest  in  this  connection.  There  being  a  vein 
of  water  in  the  gravel  just  above  the  rock,  half  a  dozen  weUs  were 
bored  through  the  clay  to  a  depth  of  about  120  ft.  and  cased  with  6-in. 
iron  pipe.  Considerable  natural  gas  escaped  from  the  wells,  and  as 
the  water  stood  at  26  ft.  below  the  surface,  a  central  pumping  well 
was  constructed  and  connections  made  with  the  cased  wells  by  a  tube 
at  the  same  depth,  the  pipe  in  each  case  rising  to  the  surface  to 
allow  the  gas  a  free  escape.  As  long  as  everything  was  still  there  was 
no  perceptible  escape  of  gas,  but,  as  soon  as  the  pump  was  started, 
gas  would  bubble  up  the  escape  pipes,  and  water  drawn  in  a  glass 
would  look  like  milk  for  some  time,  or  until  the  entrained  gas  escaped. 
This  continued  for  several  months,  the  gas  commingled  with  the 
water  not  escaping  until  it  was  pumped  out  with  the  water,  though 
there  was  a  perfectly  free  vent.  This  makes  one  rather  skejitical  as 
to  entirely  expelling  the  air  from  a  water  pipe,  especially  in  Detroit, 
where  one  often  sees  a  glass  of  water  look  turbid  for  several  seconds 
until  the  air  bubbles  rise  through  it,  leaving  it  clear  and  bright. 

The  long  piezometric  pipes  of  rubber— instead  of  lead  as  used  by 
most  observers— are,  therefore,  not  only  subject  to  the  constantly 
varying  pressures,  tending  to  deform  them,  but  also  to  the  action  of 
the  entrained  air  from  which  the  water  in  those  pipes  can  never  be 
entirely  free.  The  varying  pressure  would  also  have  much  more 
eflfect  on  these  long  pipes  than  upon  the  connections  of  the  Bazin 
tube,  because  the  area  of  the  piezometer  openings  is  far  greater  than 
that  of  the  orifices  of  the  tube. 

These  observations,  therefore,  will  hardly  tempt  us  to  cast  aside  all 
established  theories,  or  stultify  our  common  sense. 

If  they  are  correct,  how  foolish  the  estimate  of  engineers  of  the 
«xtra  power  required  to  force  air  around  corners. 

George  Y.  Wisner,    M.  Am.  Soc.   C.    E.    (by   letter).— Hydraulic  Mr.  wisner. 
engineers  should  appreciate  the  radical  advance  made  by  the  authors 
•of  this  paper  in  their  investigations,   in  basing  their  arguments  and 
conclusions   upon   careful   and    extensive  experiments   made   under 
conditions  existing  in  large  distributing  systems  for  water  supply. 
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Mr  Wisner.  The  writer  is  familiar  with  the  nature  of  the  experiments  made  by 
the  authors,  the  difficulties  encountered,  the  immense  amount  of 
f^ratuitous  work  involved,  and  the  intricate  analytical  investigation 
necessary  to  harmonize  results,  where  possible  to  do  so,  and  to  show 
why  differences  from  heretofore  accepted  conclusions  ought  to  exist; 
and  he  thoroughly  realizes  that  few  have  had  the  personal  experience 
which  will  warrant  questioning  the  results  of  these  experiments, 
if  disposed  to  do  so,  which,  fortunately,  is  not  likely  to  be  the  case. 

It  should  be  remembered  that  at  the  time  the  exiDeriments  were 
first  undertaken,  suitable  instruments  for  obtaining  satisfactory 
results  as  to  the  law  governing  the  flow  of  water  in  pipes  did  not 
exist,  and  that  the  formula  for  such  flow  was  based  largely  on  obser- 
vations made  under  conditions  widely  different  from  those  found  in 
actual  i^ractice. 

The  difficiilty  in  correctly  rating  meters  and  other  devices  for 
measuring  the  velocity  of  flowing  water  is  the  principal  source  of 
error  in  determining  the  volume  of  flow  in  jDipes  and  open  chan- 
nels, and  although  great  improvements  in  methods  and  instruments 
have  been  made  there  is  still  room  for  further  refinement. 

The  recent  remeasurement,  by  the  Government,  of  the  discharge 
of  three  large  rivers,  which  were  carefully  measured  about  thirty 
years  ago,  shows  a  decrease  of  about  20%"  in  the  computed  discharge 
for  similar  stages,  which,  so  far  as  can  noAv  be  determined,  is  largely 
due  to  erroneous  rating  of  the  meters  in  the  earlier  work. 

If  errors  of  20%"  can  exist  in  what  was  believed  to  be  good  wor  k 
where  the  observations  were  made  in  open  channels  in  full  view  of  the 
observers,  it  is  evident  that  the  difficulties  encountered  by  the  authors 
in  properly  interpreting  the  conditions  and  i-esults  of  observations  in 
closed  pipes  were  such  as  to  call  for  the  highest  type  of  analytical 
ability  and  good  judgment. 

The  determination  of  coefficients  for  meters  and  Pitot  tubes  is 
unsatisfactory,  for  the  reason  that  the  conditions  under  which  ratings 
can  be  made  are  generally  entirely  difierent  from  those  in  the  pipe  or 
channel  where  the  velocity  of  flow  is  to  be  determined.  For  instance, 
if  a  meter  or  Pitot  tube  be  moved  at  different  velocities  through  still 
water  the  coefficients  obtained  would  be  practically  correct  for  flowing 
water  where  all  the  threads  of  the  current  are  parallel,  but  as  such  a 
condition  never  exists  in  either  open  channels  or  closed  pipes,  there 
are  grave  doubts  whether  coefficients  obtained  by  moving  the  gauging 
instruments  through  still  water  are  correct  when  the  instrument  is 
used  in  a  fixed  position  in  flowing  water. 

In  the  ratings  of  meters  for  some  recent  government  work,  an 
attempt  was  made  to  check  the  accuracy  of  the  coefficients  of  the 
instruments  by  rating  each  meter  by  movement  through  still  water 
and  afterward  placing  them  side  by  side  in  the  stream  being  gauged,. 
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and  from  tlie  respective  readings  obtaining  a  relative  rating  between  Mr.  Wianer. 

the  meters  under  actual  conditions  in  the  current  to  V»e  measured. 

This  proceeding  is  all  very  good  to  detect  any  change  of  coeflBcient 

which  may  occur  in  either  meter  during  work,  but  so  far  as  detecting 

any  error  in  the  absolute  ratings  of  the  meters  due  to  errors  in  methods, 

it  is  of  no  use  as  long  as  each  meter  is  rated  in  a  like  manner  under 

similar  conditions. 

For  instance,  if  the  meters  l)e  both  rated  in  a  canal  so  small  that 
the  movement  of  the  instruments  through  the  water  should  cause  a 
current  such  that  the  actual  movement  was  10%  greater  than  that 
through  the  water,  the  coeflBcients  obtained  would  be  in  error  10*V,  . 
yet  if  these  instruments  be  compared  with  each  other  by  simultaneous 
readings  in  the  main  current  of  the  stream  being  gauged,  the  results 
obtained  would  agree  with  each  other. 

The  failure  of  the  authors  to  obtain  ratings  of  Pitot  tubes  in  still  water 
which  would  agree  with  those  obtained  in  flowing  water  indicates  clearly 
that  relative  ratings  may  agree  closely  and  yet  be  largely  in  error. 

It  is  the  writer's  opinion  that  absolute  ratings,  to  be  reliable,  must 
be  made  under  conditions  nearly  similar  to  those  of  the  stream  or  pipe 
to  be  gauged.  That  is,  for  open-stream  work  the  coefficient  of  the 
meterto  be  used  should  be  determined  by  float  observations  in  close  prox- 
imity to  the  meter  in  different  locations  in  the  stream,  and  for  Pitot 
tubes  in  closed  pipes  the  coefficient  should  be  determined  by  an  actual 
measurement  of  the  volume  of  flow  at  the  time  the  tubes  are  being  read. 

The  distribution  of  velocities  of  flow  in  pipes  and  channels  has  an 
important  bearing  on  the  loss  of  head  which  will  occur.  If  the  maxi- 
mum  velocity  be  at  the  center,  the  distribution  will  be  that  whicli  will 
produce  the  greatest  volume  of  flow  for  any  given  head,  and  the  more 
the  velocity  curve  be  distorted  by  curves  and  deflections  in  the  pipe 
line,  the  less  will  be  the  discharge  for  any  fixed  head. 

This  being  the  case,  the  loss  of  head  due  to  curves  in  a  pipe  line 
will  be  a  function  of  the  amount  of  distortion  in  the  resulting  velocity 
curve  and  of  the  length  of  pipe  through  which  the  disturbance  tends 
to  diminish  the  mean  velocity  of  flow.  With  curves  of  long  radii  it  is 
probable  that  the  position  of  the  maximum  velocity  is  not  shifted  aa 
far  from  the  center  as  with  curves  of  short  radii,  yet  in  the  latter  case 
the  length  of  pipe  through  which  the  disturbance  takes  place  is 
shorter,  and  therefore  with  pipes  of  different  diameters,  there  should 
always  be  some  certain  curve  which  will  produce  less  total  resistance 
to  flow  in  each  case  than  any  other  curve  of  greater  or  less  radius. 

The  authors'  result,  A',  is  apparently  in  harmony  with  theory,  and 
their  determination  of  the  ratio  between  the  diameter  of  pipe  and  the 
radius  of  curve  which  will  produce  the  minimum  resistance  to  flow  is 
a  long  step  in  advance,  in  the  matter  of  oV)taining  the  best  i)racticaJ 
results  in  the  design  of  distribution  systems  for  water  supply. 
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Mr.  Wisner.  The  failure  of  pipes  and  conduits  to  pass  the  volume  of  water 
often  expected  may  in  part  be  traced  to  the  causes  enunciated  by  the 
authors  in  their  final  results,  /,  /  and  K. 

The  volume  of  water  whicli  can  be  j^assed  through  a  pipe  line  with 
a  given  head  is  controlled  largely  by  the  conditions  in  the  sections  of 
greatest  resistance,  and  where  imperfect  alignment  and  frequent  curves 
and  deflections  exist  the  mean  flow  will  be  greatly  decreased. 

The  coeflicient  of  roughness,  n,  is  often  made  to  vary  to  cover  vari- 
ations in  flow  arising  from  distortion  of  the  velocity  curve,  when,  in 
fact,  it  should  remain  jiractically  constant. 

From  Figs.  1  and  2  it  will  be  seen  that  the  glass  tubes  of  the  dif- 
ferential gauges  had  internal  diameters  of  ^  and -i%- in..  It  is  a  well- 
known  principle  that  capillarity  will  cause  water  in  small  tubes  to 
stand  higher  than  in  the  reservoir  with  which  connected.  This  being 
the  case,  at  what  diameter  of  tube  does  this  effect  become  sufficient  to 
afl'ect  materially  the  results  of  the  observations?  ' 

In  such  tubes,  when  of  dimensions  to  be  so  affected,  does  the  effect 
vary  with  the  head — that  is,  does  a  difference  of  head  of  1  ft.  indicated 
by  a  tube  ^  in.  in  internal  diameter  indicate  an  actual  difference  of  1  ft. 
of  head  in  the  reservoir? 

Slow  movement  of  water  in  small  tubes  is  likely  to  produce  a  con- 
cave surface  in  the  tube  when  moving  downward,  and  a  convex  surface 
when  rising  in  the  tube.  Are  the  errors  from  capillarity  and  direction 
of  movement  appreciable  for  the  size  of  tubes  used,  and  if  so,  are 
the  errors  so  arising  taken  care  of  in  the  coefficients  of  the  Pitot  tubes, 
as  determined  in  connection  with  such  gauges? 
Mr.  Thrupp.  Edgak  C.  Thkupp,  A.  M.  Inst.  C.  E.  (by  letter). — The  authors 
deserve  the  cordial  thanks  of  their  professional  brethren  all  over  the 
world  for  the  scrupulous  care  with  which  they  have^  carried  out,  and 
recorded  the  results  of,  their  experiments. 

They  have  demonstrated  very  clearly  how  useless  it  is  to  attempt 
the  solution  of  difficult  problems  in  hydraulics  by  purely  mathemat- 
ical reasoning,  without  frequently  resorting  to  experimental  i^roof  of 
the  assiimptions  involved.  Methods  of  treating  these  problems  after 
the  manner  of  Weisbach  will  in  future  be  less  and  less  trusted  by  engi- 
neers, and  a  wider  distinction  will  be  drawn  between  "pure 
mechanics"  and  "hydromechanics." 

The  subject  is  one  of  peculiar  interest  to  the  writer,  because  he  has 
been  experimenting,  at  intervals,  for  many  years  past,  to  ascertain  the 
laws  of  movement  of  water  under  conditions  which  have  not  hitherto 
been  satisfactorily  studied,  and  he  has  been  rewarded  by  the  discovery 
of  a  remarkable  i^henomenon  with  regard  to  the  "  critical  "  velocities 
at  which  the  movement  of  water  changes  from  stream-like  to  sinu- 
ous or  turbulent  motion,  and  a  change  in  the  law  of  resistance  also 
occurs. 
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An  outline  of  the  writer's  work  was  indicated  in  a  paper  jjresented  at  Mr.  Thmpp. 
the  International  Engineering  Congress  at  Glasgow  on  September  4th, 
1901,   and  the  full  details   will  be  set  out  in  the  writer's   book   on 
■'  Hydraulic  Experiments  and  Engineering  Problems  "  now  preparing 
for  publication. 

The  writer  has  found  that  when  the  hydraulic  radii  of  pijies  or 
open  channels  exceed  2  ins.,  the  critical  velocities  increase  with  the 
hydraulic  radius;  whereas,  from  experiments  on  pipes  less  than  1  in. 
in  diameter,  it  is  well  known  that  the  critical  velocity  bears  an  inverse 
relation  to  the  hydraulic  radiixs.  He  has  also  found  that  the  velocity 
required  to  disturb  fine  silt  in  channels  of  various  depths  is  apparently 
identical  with  the  "  critical  "  velocity,  and  the  whole  question  of  the 
scouring  j^ower  and  silt-carrying  capacity  of  rivers  is  intimately  bound 
up  with  the  critical  velocity  laws,  which  are  the  main  factors  deter- 
mining the  "  degree  of  turbulence  "  of  the  motion  and  the  consequent 
power  of  the  water  to  disturb  and  transijort  solid  matter. 

The  "degree  of  turbulence"  and  the  nature  of  the  turbulence 
depend  first,  upon  the  proximity  or  remoteness  of  the  hydraulic  condi- 
tions to  those  of  the  critical  velocity,  and  are  undoubtedly  much  inflii- 
enced  by  the  curvature  of  the  channel.  On  the  effect  of  curvature  on 
the  "degree  of  turbulence  "  the  authors!  experiments  throw  consider- 
able light.  One  point,  to  which  atteution  may  be  drawn,  is  that  the 
traverses  obtained  with  Pitot  tubes  show  very  irregular  curves  at 
low  velocities  and  more  regular  curves  at  higher  velocities,  when  the 
motion  may  be  expected  to  be  more  of  a  quivering,  rushing  nature. 
The  authors  have  very  j^roperly  explained  how  the  diagonal  currents 
could  give  a  zero  or  negative  reading  on  the  Pitot  tube,  but,  although 
these  readings  are  of  no  value  as  gaugings,  they  show  how  a  diagonal 
eddy  can  remain  long  enough  in  one  spot  to  enable  several  readings  to 
be  taken.  The  same  thing  occurs  in  swirling  eddies  in  open  channels, 
when  the  velocities  are  not  much  above  the  critical  point,  but  cannot 
occur  at  very  high  velocities.  It  would  be  interesting  if  the  authors 
would  add  a  few  traverse  diagrams  based  on  a  single  reading  at  each 
point,  to  bring  out  the  irregularities  more  clearly. 

The  potency  of  slight  curvature  to  produce  eddying  disturbances 
and  consequent  scour  in  rivers  has  long  been  known,  and  its  import- 
ance recognized  in  selecting  sites  for  landing  stages,  and  for  ports  in 
tidal  estuaries,  but  the  efforts  hitherto  made  to  bring  the  data  on  the 
subject  usefully  into  line  with  scientific  hydromechanics  have  not  been 
very  successfiil.  The  subject  is  a  difficult  oue,  and  has  been  rendered 
more  difficult  by  the  absence  of  any  established  theory  of  scour  in  rela- 
tion to  the  three  main  hydraulic  factors;  Hydraulic  radius,  surface 
slope,  and  mean  velocity. 

The  writer  hopes  to  remove  much  of  the  difficulty  by  establishing, 
with  a  fair  degree  of  accuracy,  the  correct  locality  of    the  critical 
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Mr.  Thrupp.  region  and  by  tracing  lines  representing  equal  degrees  of  turbulence 
in  relation  to  depths  and  velocities. 

The  modification  of  those  lines  h\  eurvatiire  of  channels  "nill  follow 
in  course  of  time  as  data  are  obtained  on  the  new  basis,  and  the  work 
of  the  authors  in  develojiing  the  differential  gauge,  with  oil  in  place  of 
air,  is  welcomed  as  a  valuable  contribution  to  scientific  methods  of 
studying  small  losses  of  head.  The  writer  has  used  hook-gauges,  and 
long  connections  of  |-in.  rubber  hose,  immersed  in  rivers,  for  leveling 
from  station  to  station,  in  preference  to  relying  on  spirit  leveling,  to 
observe  very  small  surface  falls,  and  he  is  satisfied  that  valuable 
information  may  be  dei'ived  in  that  way,  and  perhaps  the  oil  differen- 
tial gauge  may  give  better  results  in  some  cases. 

The  great  advantage  of  such  appliances  is  that  they  enable  results 
to  be  obtained  in  short  distances,  and  therefore  suitable  experimental 
sites  can  be  more  easily  found. 

The  Pitot  tube,  with  the  oil  gauge,  should  also  lead  to  further  data 
being  collected,  at  a  comparatively  small  cost,  from  very  large  pipes 
at  very  low  velocities. 

The  authors'  main  conclusion,  as  to  pipe  curves  of  2J  diameters  rad- 
ius giving  the  least  resistance,  shows  how  great  a  disturbance  can  be 
caused  by  a  slight  curve,  but  it  is  evident  that  the  sharjDer  bends  give 
a  higher  resistance,  for  each  foot  of  their  length,  than  the  easy  bends; 
and  the  fact  of  their  total  resistance  being  less  is  only  due  to  their  ratio 
of  lengths  being  greater  than  their  ratio  of  resistance  per  foot  run. 

It  is  pleasing  to  find  among  the  authors'  results  some  clear  indica- 
tions of  the  critical  velocity  phenomena  closely  agreeing  with  the 
writer's  data. 

The  12-in.  pipe  experiments  show  the  critical  velocity  at  about 
0.14  ft.  per  second,  the  16-in.  at  about  0.30  and  the  30-in.  at  about 
0.70  ft  per  second. 

The  12-in.  and  16-in.  indications  are  visible  in  the  results  of  the 
measured  loss  of  head  at  low  velocities,  and  the  30-in.  by  the  rapid 
falling  ofl"  of  the  ratio  of  mean  velocity  to  the  center  velocity  with  low 
discharge.     (See  Table  No.  8.) 

American  engineers  should  be  particularly  interested  in  this  critical 
velocity  question  when  it  is  pointed  out  to  them  that  the  jihenomenon 
is  indicated  clearly  in  the  experiments  of  the  Mississippi  Kiver  Com- 
mission at  Carrollton  in  1882.  The  writer  hoped  to  have  met  Mr. 
Ockerson  at  Glasgow,  and  to  have  raised  a  discussion  about  it  there,  in 
connection  with  his  pajjer  on  the  Lower  Mississipj)i,  but,  as  he  was 
absent,  the  subject  was  not  opened.  The  jjresent  commimication  is 
an  appropriate  opportunity  for  announcing  the  fact. 

Hitherto,  engineers  have  been  in  the  habit  of  assuming  that  the  re- 
sistance in  large  rivers  is  proportional  to  V'  or  some  higher  exponent 
of  ]',  occasionally  \ip  to  F'\ 
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Humpbreys  and  Abbott,  Hagen,  Gauckler  and  Kutter  took  this  Mr.  Thmpp. 
view.  The  latter's  complicated  formula  is  framed  so  as  to  represent  a 
higher  power  of  Fas  the  slopes  become  flatter.  The  writer  now  claims 
to  have  discovered  the  limit  to  which  this  may  be  considered  as 
correct,  and  to  be  the  first  to  realize  that  the  true  interpretation  of  the 
Carrollton  experiments  is  that  the  conditions  existing  there  closely 
approximate  to  the  critical  velocity  conditions,  and  show  the  resistance 
varying  miich  more  nearly  in  simple  proportion  to  Fthan  to  V^  or 
even  F". 

It  would  i^rolong  this  communication  unduly  to  go  fully  into  the 
details,  and,  moreover,  they  will  be  published  in  due  coui"se  in  the 
writer's  book,  but  this  brief  indication  of  the  main  issue  will  suffice  to 
explain  the  following  critical  remarks  on  the  aiithoi-s'  methods  of 
treating  their  data. 

First,  let  us  try  to  learn  more  about  the  deviations  from  the  fornuila 
Hj^m  F"  and  not  obliterate  them  by  "  straight  line"  analysis,  after 
fixing  the  position  of  the  line  by  "centers  of  gravity  of  gi-oujis,"  or 
by  the  "  method  of  least  squares,"  or  otherwise. 

Secondly,  let  us  abandon  the  theory  that  the  discharge  of  pipes  is 
ever  proportional  to  's/  d'"  {i.  e.,  f/'*^  or  r"-^),  for  all  the  best  experimental 
data  show  that  it  is  rarely  less  than  f/'"'^. 

It  would  also  facilitate  the  study  of  the  results  if  they  were  finally 
reduced  to  terms  of  the  observed  velocities,  slopes  and  diameters. 

Finally,  it  is  suggested  to  engineers  entrusted  with  the  treatment 
of  large  rivers,  that  the  most  promising  field  for  experimental  research 
is  to  be  found  in  observations  of  surface  slopes  by  hydrostatic  tube 
leveling  in  conjunction  with  velocities,  cross-sections,  scour  or  silting, 
and  notes  on  the  "  degree  of  turbulence  "  as  made  evident  by  visil)le 
eddies  or  by  fluctuations  of  velocity  at  given  stations  and  by  irregu- 
larities in  the  shapes  of  vertical  velocity  cm-ves. 

Rudolph  Herixg,  M.  Am.  Soc.  C.  E.— The  speaker  thinks  that  this  Mr  HennR. 
paper  is  destined  to  mark  an  important  point  in  the  study  of  the  flow 
of  water  through  pipes.  It  describes  a  very  caretully  conducted  series 
of  experiments,  and  draws  conclusions,  some  of  which  vary  sul)stanti- 
ally  from  commonly  accepted  beliefs  held  for  years  by  eminent 
hydraulicians. 

"  A  number  of  years  ago,  in  Philadelphia,  when  the  street  railways 
were  first  introduced,  the  curves,  or  rather  compound  curves,  from 
one  street  to  another,  were  made  with  as  long  a  radius  as  possible. 
A  few  years' experience  seemed  to  point  to  the  conclusion  that  a  single 
curve  uniting  the  two  tangents  would  answer  all  i)urposes  and  cause 
much  less  work  for  the  horses.  The  speaker  remembers  the  chief 
engineer's  remark :  "Make  the  shortest  curve  and  be  done  with  it." 
It  would  seem,  from  some  of  the  authors'  statements,  that  herein 
may  partly  lie  an  explanation  of  theii-  results. 
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Mr.  Hering.  At  the  same  time  it  must  not  be  forgotten  that  friction  of  solids 
against  solids  is  a  totally  different  thing  from  friction  of  fluids  against 
solids.  In  the  former  case,  the  friction,  as  is  known,  increases  with 
the  pressure,  due  to  the  fact  that  the  little  protuberances  or  slight 
elevations  on  the  surfaces  must  get  over  or  pass  each  other  by  a 
compression  of  the  material  composing  them.  With  a  flowing  liquid 
the  case  is  entirely  different,  because  the  liquid  particles  roll  over  the 
protuberances;  friction,  therefore,  has  nothing  at  all  to  do  with  the 
pressure  of  the  liquid,  but  only  with  the  resistances  met  in  its  flow. 
Herein  may  lie  the  explanation  of  the  authors'  results.  With  flowing 
water  it  is  more  a  question  of  the  extent  of  surface  against  which  the 
liquid  flows  and  by  which  it  is  worried  into  contortions  by  the  little 
irregularities  on  the  surface,  and  also  by  the  longer  continuous  change 
of  direction  of  flow,  than  it  is  a  question  of  the  length  of  the  radius  of 
curvature. 

Mr.  Seddon.  James  A.  Seddox,  M.  Am.  Soc.  C.  E.  (by  letter).  — This  very  inter- 
esting series  of  observations  was  so  fully  discussed  by  the  authors 
that  the  writer  did  not  see  at  the  time  anything  that  he  was  called  on 
to  add  to  it.  But  Mr.  Tutton  has  taken  the  matter  beyond  the  question 
of  facts  and  into  the  forces  that  made  them,  and  in  this  has  given  an 
illustration  of  what  the  writer  thinks  is  a  misunderstanding  uf  these 
forces,  and  not  an  uncommon  one. 

All  that  is  known,  directly,  of  the  energy  consumed  in  a  flow  is 
observed  in  the  difference  of  head  or  level  between  two  points  in  it. 
The  discharge,  by  the  head,  is  just  so  many  foot-pounds  a  second, 
whether  it  goes  over  the  dam,  goes  through  the  wheels,  or  goes  down 
the  river.  Calling  this  the  gravity  i3otential,  the  jDroblem  in  resist- 
ance to  flow  is :  How  does  its  gravity  potential  reach  its  limit  of  accel- 
eration '? 

In  the  drojD  over  a  dam  it  is  simple  enough.  We  need  not  go  into 
the  forces  to  see  that  the  flow  is  accelerated  all  through  the  fall,  and 
beaten  into  foam  and  eddies  at  the  foot  of  it.  In  the  case  considered 
by  Mr.  Tutton  it  is  necessary  first  to  analyze  the  forces.  Taking  his 
concentric  cylinder  of  water  in  the  pipe  (Fig.  93),  the  forces  in  the 
direction  of  flow,  as  a  whole,  are  equal  to  (p^  — p)  x  tt  ?'■',  or,  the  differ- 
ence in  the  pressures  at  the  two  ends  of  the  cylinder,  of  radius  r, 
multiplied  by  its  end  area.  This  is  just  as  JNIr.  Tutton  gives  it,  and  is 
the  total  of  what  may  be  called  the  gravity  forces. 

But  while  this  is  a  true  summation  of  the  gravity  forces,  in  the  case 
considered,  the  question  of  where  these  forces  are  located  is  quite 
another  matter;  it  is  plain  that  they  are  in  some  way  distributed 
through  the  cylinder,  and  that  this  is  merely  an  expression  for  a 
volume  integi-al  of  them.  Certainly,  also,  in  balanced  flow,  counter- 
forces  will  be  found  equal  to  them;  but  that  counterforces  equal  to 
their  sum  should  lie  on  the  circumferential  boundarv  of  this  cvlinder 
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does  not  follow.     If  this  boundary  was  an  imaginary  jjlane  without  Mr.  Seddon. 
thickness  the  writer  Avould  say  that  the  connterforce  on  it  wa.s  an 
absolute  zero. 

(If  V 

Navier's  expression  for  internal  resistance,  //  -r— ,  or  this  counter- 

(I  r 

force,  the  writer  takes  to  be  the  coefficient  of  a  volume  integral,  just 

as  an  expression  for  a  pressure  is  the  coefficient  of  a  surface  integral. 

To  take  it  as  a  force  on  an  imaginary  plane  in  the  flow  is  then  the 

equivalent  of  starting  out  to  calculate  the  strains  ia  a  dam  with  the 

assumption  that  the  water  pressure  is  62.4  lbs.  on  a  line  1  ft.  long  and 

1  ft.  below  the  surface.     The  counterforce  in  the  bounding  film,  d  r  in 

thickness,  of  Mr.  Tutton's  cylinder  the  writer  would  put  as 


2  7C  r  I  d  r 


i''^.)' 


where  I  is  the  length  of  the  cylinder  and  /i  the  coefficient  of  viscosity. 
This  has  no  relation  to  the  total  of  the  gravity  forces  (/>„  —  p)  x  n  r^ 
distributed  through  the  cylinder;  at  most,  it  could  only  balance  that 
element  of  them  which  lies  in  this  film. 

It  should  be  said,  however,  that  the  writer  has  not  found  in  general 
that  others  think  as  he  does  on  this  matter.  He  was  surjjrised  a  few 
years  ago  to  find  that  the  whole  faculty  of  a  leading  university  in  the 
West  took  essentially  Mr.  Tutton's  view  of  it  ;  and,  so  far  as  he  commits 
himself  in  his  article  in  the  Britaunica,  Unwin  seems  to  take  the 
same  position.  Those  great  mathematicians,  from  Navier  to  Stokes, 
the  Avriter  would  credit  with  having  fully  developed  the  character  of 
fluid  friction;  but  he  does  not  claim  to  have  studied  their  works;  he 
has  simply  looked  into  them  enough  to  get  for  himself  a  definite  idea 
of  the  process  through  which  the  energy  of  motion  in  water  passes 
into  heat. 

But  the  counterforces  in  this  process  are  wholly  insufficient  to 
balance  the  gravity  forces.  Calling  the  sum  of  these  counterforces  F, 
and  assuming  a  form  for  the  system  of  velocities  in  the  pipe,  the 
expression 

dF=2  Ttrldr  (it  -^  J 

is  easily  integrated. 

With  the  velocity  forms 
(I. )  A  cone  F  =■  ft  it  I  R  V)     Where  R  is  the  radius  of  the  pipe, 

TC^  r  and  Fthe  maximum  velocity  at  the 

(II.)  An  ellipsoid  i^  =;.  2-^^ '1  center. 

Taking  Helmholz's  value  of  //,  in  foot-pound  units,  and  the  length, 
L,  in  thousands  of  feet,  in  the  place  of  /  in  feet,  these  values  are 

(I.)  i?'^  0.0060  Li?  r 
(II.)  jP=  0.0094  Li?  T" 
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Mr.  setldoii.        Probably  every  actual  case  of  flow  in  a  pipe  would  lie  between  these 
values;  but,  at  the  most,  with  L  =  1,  R  =  1,  and  F=  8, 

F=  0.075  lbs., 
while  1  000  ft.  of  pipe,  2  ft.  in  diameter,  with  a  maximum  velocity  of 
8  ft.  a  second  in  it,  could  hardly  have  less  than  1  ft.  of  head  on  it,  and 
[pg  —  p)  7c  R-  —  196  lbs.  =  G,  the  gravity  forces. 

Some  vears  ago  the  writer  had  occasion  to  calculate  this  relation  of 
F  to  G  for  rivers,  and  he  stated  at  the  time  that  the  resistance  of  the 
couuterforces  found  in  their  flow  velocities  was  but  little  over  0.01  of 
\%  of  the  gravity  potential  consumed  in  their  flow.  Here,  in  pipes,  it 
is  found  to  be  more  than  twice  as  large  as  it  should  be  from  the  greater 
curvature  of  the  velocity  forms  in  them.  But  it  may  be  said,  for  flow 
in  general,  that  i^'is  from  0.01  to  0.04  of  1%  of  G;  or  that  the  counter- 
forces  in  the  velocities  of  flow  are  an  utterly  insignificant  fraction  of 
the  gravity  forces  in  it. 

Of  course,  it  is  understood  that  there  are  also  forces  of  fluid  friction 
in  the  circulation,  but  if  the  velocities  of  flow  are  taken  out  of  the  case 
the  remaining  motions  have  no  resultant;  altogether,  the  forces  in 
them  are  equal  in  all  directions,  and  can  in  no  part  be  couuterforces  to 
the  gravity  j^otential.  It  may  be  stated,  then,  from  the  work  of  these 
mathematicians,  that  fluid  friction  and  resistance  to  flow  have  practi- 
cally nothing  to  do  with  each  other;  understanding  "  fluid  friction  " 
to  be  that  jirocess  through  which  the  energy  in  the  motion  of  the 
water  passes  into  heat,  and  "  resistance  to  flow  "  that  process  through 
which  the  energy  in  the  gravity  potential  reaches  its  limit  of  accel- 
eration. 

But  fluid  friction  is  not  at  all  mysterious.  It  must  be  understood 
that  on  one  side  of  it  there  is  mechanical  motion  and  on  the  other 
molecular  motion;  and  we  may  go  at  once  into  the  mechanical  jjarticle, 
d  xd  y  d  z,  to  look  for  it.  In  this,  taking  the  axis  of  x  in  the  dii-ection 
of  the  velocity,  the  friction  force  is 


(lf+^)''-^'  '^y  ^'- 


Thus,  in  a  river,  —  may  be  taken  for  the  slant  of  its  flow  velocities  from 

top  to  bottom,  and  -^  from  side  to  center,  while  u  (—  4-  —  )  is  the 
d  2  \dy^  d  zj 

coefficient  of  a  volume  integral  for  the  total  of  the  friction  forces  in 

these  motions.     In  water,  this  is  the  most  general  expression  for  this 

friction  force  in  the  particle,  d  x  d  y  d  z;  two  motions  of  shifting  on 

planes  at  right  angles  is  all  that  it  can  have  in  it;  gases  may  have  in 

addition  a  motion  of  dilation.     That  the  sum  of  the  first  differentials 

of  these  motions  expresses  the  force  is  an  assumption,  but  the  viscosity 

of  water  is  determined  on  this  assumption,  and  its  coefficient  applies 

to  the  form  given. 
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Thougli  n  is  a  very  small  quautity  with   the   water   beaten  into  Mr.  Seddon. 

foam  at  the  foot  of  Niagara,  and  the  values  of  ''—  and  -j^  running  up 

into  infinities  on  the  boundary  of  every  internal  whirl  and  eddy,  this 
friction  will  account  for  the  conversion  of  a  great  amount  of  energy 
into  heat  very  rapidly.  Again,  following  the  remnant  of  a  circulation 
in  a  reservoir,  days  after  it  has  been  filled,  the  loss  of  motion  in  this 
form  is  almost  imperceptible,  as  the  Avriter  has  had  occasion  to  note  in 
tracing  its  effect  on  sedimentation. 

All  the  energy  was,  at  one  time,  a  gravity  potential,  and  it  passed 
through  a  condition  of  flow  into  a  system  of  internal  circulation;  and 
again  99.96^V  of  it  passed  through  the  circulation  into  heat.  Energy 
is  not  destroyed,  it  is  only  transformed;  from  a  linear  acceleration  to 
an  internal  eddy,  it  is  still  motion;  but  one  has  direction  and  the 
other  has  not.  This  transformation  can  limit  the  acceleration  of  a 
gravity  potential;  after  it  is  in  the  eddy,  fluid  friction  will  change  it 
into  heat,  though  it  may  be  days  before  it  is  altogether  through  with 
it;  but  whether  it  is  days  or  seconds  makes  no  diflerence  in  the  rela- 
tions of  the  two  processes;  the  transformation  into  heat  is  not  a  jiart 
of  the  resistance  to  flow,  but  a  product  of  it. 

With  the  eddy  practically  in  all  cases  the  end  of  the  acceleration — 
and  the  eddy  a  very  efi'ective  end  to  it,  even  if  it  is  a  drop  over 
Niagara — we  may  now  go  back  to  the  gravity  forces,  which  we  left  at 
the  beginning  with  the  simple  statement  that  they  were  in  some  way 
distributed  through  the  cylinder. 

It  now  seems  plain  that  this  distribution  can  have  no  fixed  charac- 
ter, either  in  time  or  space;  where  a  gravity  force  lies  on  a  line,  that  is 
practically  a  line  of  uniform  acceleration,  and  it  runs  itself  into  an 
eddy,  and  that  is  the  end  of  it;  the  action  is  essentially  shifting  and 
intermittent  in  its  nature.  The  writer  does  not  see  how  this  can  be 
the  case  in  a  pipe  unless  /\  li  itself  is  intermittent,  or  there  is  a  pulse 
in  the  hydraulic  grade  line.  He  sj^oke  of  this  to  one  of  the  authors, 
while  their  observations  were  in  progress,  but  concluded,  with  him,  that 
a  service-pipe  line  with  the  beat  of  a  pump  through  it  was  not  a  place 
where  the  question  could  be  tested. 

However,  in  cases  where  the  flow  has  a  free  surface,  the  matter  is 
not  so  intricate.  Probably  everyone  has  noted  the  standing  waves  on 
the  face  of  the  rapids,  where  the  acceleration  reaches  its  limits  and 
throws  up  a  i-idge  of  water  in  its  course  against  which  it  chocks 
itself.  Where  the  channel  is  symmetrical  this  may  be  taken  as  a 
resistance  furnished  by  the  flow  itself,  in  contrast  with  the  energy 
that  is  thrown  into  eddies  by  the  rough  or  irregular  form  of  the 
boundary;  there  is  a  pulse,  also,  in  the  flow  of  rivers,  which  seems  to 
mark  a  resistance  of  the  same  character. 

The  case  of  flow  with  a  free  surface  is  not  under  discussion  here. 
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Mr.  Seddon.  but  it  may  be  stated,  generally,  that  if  anyone  will  undertake  to  esti- 
mate the  energy  expressed  in  these  surface  forms  he  will  be  struck  at 
once  with  the  fact  that  a  large  j^art  of  the  gravity  potential  may  be 
taken  up  in  them.  Mr.  Tutton's  division  of  the  resistance,  into  an 
element  that  belongs  to  the  boundary,  and  an  element  that  lies  in  the 
body  of  the  flow  itself,  is  a  conclusion  that  the  writer  regards  very 
highly,  as,  indeed,  he  does  the  whole  spirit  of  this  jjajjer,  with  its 
effort  to  get  at  the  inside  facts  in  the  matter,  and,  from  them,  to 
deduce  the  forces. 

Mr.  Frizell.        J.  P.  FRiZELii,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  has  read 
this  i^aper  with  great  interest,  and  though  he  has  not  famOiarized  him- 
self with  all  the  details  of  the  work,  he  will  venture  to  oflfer  a  few  com- 
'  ments  on  certain  sjiecific  j^oints. 

In  considering  the  relation  between  the 
height  of  water  in  a  Pitot  tube  and  the 
relative  velocity  of  the  water  at  the  point 
thereof,  the  authors  cite  the  well-known 
principle  that  the  pressure  of  a  jet  of  water 
against  a  plane  surface,  normal  to  its  direc- 
tion, is  double  that  of  the  head  due  the 
velocity  of  the  jet;  but  they  appear  to  be 
in  some  doubt  as  to  how  this  principle 
applies  to  the  case  in  question.  It  appears 
to  the  writer  that  it  has  really  no  applica- 
tion, 
which  this  statement  is  founded,  viz. 

A  jet  of  water  is  moving  in  the  direction  a  d  (see  Fig.  94)  with  a 
velocity  of  v  feet  per  second,  making  a  d  —  v.  A  particle  of  water, 
having  reached  the  point  a,  would  be  at  the  point  h  at  the  end  of  one 
second,  if  its  motion  were  not  controlled.  By  the  interposition  of  the 
plane  surface  a,  it  finds  itself,  at  the  end  of  one  second,  at  a  point  h 
or  c,  at  a  distance  v  from  its  line  of  motion.  The  result  is  the  same  as 
if  its  motion  of  v  feet  per  second  were  combined  with  a  second  motion 
of  d  h  or  (/  c  feet  per  second.  The  pressure  of 
the  plane  on  the  jet,  which  is  the  same  as  the 
pressure  of  the  jet  on  the  plane,  is  such  as  to 
communicate  a  velocity  of  d  b  feet  in  one  second, 
and  is  equivalent  to  a  head  of 
d  6«       ^2  -|-  v^ 


Fig.  94. 
The  best  way  to  realize  this  is  to  call  to  mind  the  reasoning  on 


-Kfl)- 


2^7  \-^g. 

Now,  when  we  come  to  consider  the  case  of  a 
plane  immersed  in  an  indefinite  current,  we  find 
a  phenomenon  akin  to  what  is  represented  in 
Fig.  95.  The  water  does  not  change  direction 
at  right  angles  and  glance  off  to  right  and  left;  as 


Fig.  95. 
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such  action  would  be  incompatible  with  the  general  movement  of  the  Mr.  KVizeii. 
mass  of  water.  It  is  probable  that  a  mass  of  "dead  water"  accumu- 
lates on  the  vane,  both  above  and  below,  and  the  moving  fillets  are  not 
deflected  uniformly  at  a  right  angle,  but  in  a  variable  manner,  some 
more,  some  less,  constituting  a  movement  on  which  no  such  reason- 
ing as  the  above  can  be  predicted.  In  the  experiments  of  Darcv,  the 
rise  of  water  in  the  tube  approximated  closely  to  the  head  due  the 
relative  velocity  of  the  water  at  the  point  of  the  same.  In  these 
experiments  it  varies  widely;  the  ratio  of  the  computed  to  the  true 
velocity  ranging  from  0.63  to  1.24,  or,  nearly,  as  1  to  2.  The  authors 
ai^parently  met  with  difficulty  in  reconciling  these  discrepancies, 
which  led  them  to  conclude  that  the  "  method  of  tank  rating  is  not 
the  proper  one  to  apply." 

This  method  has  been  used  by  the  writer,  in  rating  current  meters, 
with  very  satisfactory  results.  In  that  case  the  rotation  was  accomp- 
lished by  a  weight  attached  to  a  string,  which  jiassed  over  a  fixed 
pulley  and  was  led  to  a  pulley  on  the  central  shaft  above  the  head  of 
the  observer,  who  sat  at  the  center  of  rotation,  as  in  the  present 
case.  Each  turn  of  the  meter,  in  that  case,  was  marked  by  a  slight 
click,  which  was  transmitted  to  the  observer  through  a  tense  wiie 
passing  near  his  ear.  In  that  case  the  meter  traveled  exactly  100  ft.  at 
each  revolution,  and  it  was  found  advisable  to  use  only  one  revolution 
at  a  time,  on  account  of  the  movement  communicated  to  the  water  bj 
the  passage  of  the  meter. 

The  present  case  appears  to  involve  a  source  of  error  from  which 
the  case  referred  to  was  free.  It  is  entirely  i^resumable  that  the  error 
was  perceived  and  allowed  for,  but  as  no  mention  of  it  is  to  be  found 
in  the  paper,  the  writer  ventures  to  refer  to  it.  The  Pitot  tube  appears 
to  be  connected  with  a  glass  tube  at  the  center  of  rotation  by  means 
of  a  flexible  pipe,  the  glass  tube  resting  against  a  gauge  and  a  partial 
vacuum  formed  over  the  water  to  raise  it  to  the  range  of  observation. 
The  rotation  of  such  a  system  would  develop  centrifugal  force  in  the 
connecting  pipe  which  would  entirely  mask  the  indication  of  the  Pitot. 
A  pipe  tilled  with  water  and  rotating  around  a  vertical  intersecting 
axis  will  develop  a  centrifugal  force  at  any  point  exactly  equal  to 
the  head  due  the  velocity.  If  this  source  of  error  was  considered  and 
allowed  for,  we  would  naturally  expect  to  find  some  reference  to  it  in 
the  paper. 

There  is  strong  reason  to  think  that  the  maximum  velocity  in  a 
pipe  could  never  be  measured  by  a  Pitot  tube,  /.  e.,hj  a  single  point 
fixed  in  position. 

In  an  open  channel,  the  thread  of  maximum  velocity  is  not  station- 
ary, but  oscillates  through  a  wide  range  of  movement  about  its  normal 
position.  This  fact  is  very  distinctly  discernible  by  means  of  the 
form  of  meter  just  referred  to,  viz.,  a  meter  which  makes  a  slight 
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Mr.  FrizeU.  click  at  each  turn,  said  click  being  transmitted  to  the  observer's  ear 
through  the  metallic  rod  on  which  the  instrument  is  mounted.  The 
first  peculiarity  to  strike  the  observer,  on  applying  his  ear  to  such  a 
rod,  is  the  varying  rate  of  revolution  of  the  current  wheel.  There  is 
uo  reason  to  doubt  a  similar  oscillation  of  the  thread  of  maximum 
velocity  in  the  closed  pipe.  This  feature  of  the  movement  cannot  be 
tletected  by  the  Pitot  tube  as  ordinarily  constructed.  The  point  is 
necessarily  small,  compared  with  the  caliber  of  the  tube,  and  the 
maximum  velocity  does  not  act  long  enough  to  disclose  itself  through 
the  elevation  of  water  in  the  latter.  The  apparent  maximum,  as 
<letermined  by  the  tube,  is  an  average  of  the  true  maximum  combined 
with  slower  velocities. 
»l.  Bazin.  M.  Hexky  Bazin*  (by  letter). — The  writer  has  read  this  memoir 
with  much  interest,  especially  as  he  has  made,  quite  recently,  some 
experiments  to  determine  the  distribution  of  velocities  in  pipes,  the 
results  of  which  are  discussed  in  a  memoir  to  the  Academy  of  Sciences 
of  Paris,  presented  herewith,  and  from  which  it  will  appear  that  his 
determinations  correspond  very  well  with  those  obtained  by  the 
authors  under  normal  conditions  of  flow. 

Concerning  the  principal  object  of  the  investigations,  the  Resistance 
of  Curves,  the  results  of  the  authors'  work  will  surprise  many  persons, 
but  though  they  are  contradicted  apparently  by  admitted  ideas,  is  it 
not  possible  to  explain  away  the  contradiction  in  the  following 
manner? 

The  experiments  ujion  the  resistance  introduced  by  curves  that 
have  been  heretofore  presented  are  few,  and  are  confined  to  jjipes  of 
small  diameter  and  mainly  abrupt  turns,  in  which  the  phenomena  ac- 
companying the  sudden  change  of  direction,  are  supposed  to  be  anal- 
ogous to  the  effects  of  a  contraction,  and  the  resistances  are  assumed 
to  be  proportional  to  the  square  of  the  velocity  and  inversely  to  the 
Tadius  of  curvature.  In  reality,  very  little  has  been  known  of  what 
actually  takes  place,  and,  in  practice,  the  subject  is  dismissed  as  in- 
volving unnecessary  calculation.  The  conditions  obtaining  in  the 
experiments  of  the  authors  are  far  from  those  indicated  above,  their 
pipes  being  of  considerable  diameter,  and  the  curves  laid  out  upon  long 
radii.  When  the  water  enters  these  curves,  it  receives  no  sudden 
change  of  direction,  as  in  the  case  of  sharp  bends,  but  the  distribu- 
tion of  the  velocities  is  modified  as  the  stream  progresses,  and  ulti- 
mately becomes  quite  different  from  the  condition  of  straight  pipe.  On 
leaving  the  curve,  again,  the  fluid  requires  some  time  for  the  resistances 
to  re-establish  the  conditions  of  straight  pipe,  or  the  normal  distribu- 
tion of  velocities.  Hence,  the  work  of  the  internal  resistances  has  a 
??reater  and  greater  effect  the  more  the  arc  increases,  as  is  shown  by 
these  experiments. 

«ftrdn^r'?*^wm' ^^"^« '  ^^*^  K^^^^^^  Chauss^es.    This  discussion  has  been  translated  by 
Gardner  b.  y.  ilhams,  M.  Am.  Soc.  C.  E.,  and  has  been  revised  by  31.  Bazin. 
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Whatever  else  may  be  said,  these  investigations  are  of  great  im-  m.  Bazin. 
portance,  and  it  is  hoped  they  may  be  extended  further.  The  diflFer- 
ential  gauge  of  two  liquids  jiermitting  a  more  accurate  study  of  the 
losses  of  head,  if  several  of  them  should  be  connected  to  a  series  of 
points  along  the  curve,  it  shoiild  be  possible  to  get  a  fair  idea  of  what 
takes  place,  especially  if  the  work  could  be  doneujion  an  experimental 
conduit  iindisturbed  by  the  exigencies  of  the  maintenance  of  a  muni- 
cipal supply. 

"expekiments  upon  the  dlsteibrxion  of  velocities  in  pipes.  "* 
By  M.  Hen«y  Bazin. 

"  When  water  flows  through  closed  circular  conduits  it  is  known 
that  the  velocities  are  not  the  same  throughout  the  whole  extent  of 
the  transverse  area,  but  that  they  decrease  regulai'ly  from  the  center 
to  the  circumference.  The  first  experiments  undertaken  to  determine 
the  law  of  this  decrease  were  those  of  M.  Darcy,  made  in  1850.  They 
were  made  at  the  Chaillot  Watei-- Works  Station,  in  Paris,  and  are  22; 
in  number,  giving  19  for  pij^es  0.19,  0.24  and  0.30  m.  diameter  (old 
caliber  7,  9  and  11  pouces,  or,  in  English  measure,  7.48,  9.45  and  11.81 
ins.),  and  3  for  one  of  0.50  m.  diameter,  or  18.09  ins.f  The  velocity 
was  measured  at  five  points  on  the  vertical  diameter  of  the  pipe,  to 
wit:  At  the  center,  and  at  four  points  symmetrically  situated  above 
and  below  it  at  distances  of  one-third  and  two-thirds  of  the  radius. 
From  these  experiments  M.  Darcy  deduced  the  relation: 

3. 

r—  r  =  ii.3^1f-  sfi 

K 
Where  V  =  the  maximum  velocity,  at  the  center;  r  the  velocity  at  a 
distance  r  from  the  center;  i?  the  radius  of  the  pipe;  and  /  the  loss  of 
head  per  meter.     If,  to  consider  ratios  onlv,  this  equation  be  divided 

by  U,  the  mean  velocity,  and  the  coeflScient  -p^  be  designated  by  b, 

then 

"(1)  ':^- =  11.3  V  «  (-^)  « 

"Some  years  later  M.  Darcy  began  an  extended  series  of  new 
experiments  upon  open  channels,  biit  his  prematiire  death,  which 
snatched  him  away  from  science  at  the  beginning  of  1858,  prevented 
his  finishing  them.  It  was,  however,  the  rare  good  fortune  of  the 
writer  to  have  been  associated  with  M.  Darcy  almost  from  the  be- 
ginning, and  it  fell  to  him  to  pursue  and  fulfill  the  programme  as 
originally  planned.  That  programme  comprehended  the  study  of  the 
distribution  of  velocities  in  canals  of  various  secticms  and  especially 
in  the  semi-circular  canal. 

"By  regulating  the  discharge  of  the  latter  canal,  so  that  the  surface 
of  the  flowing  water  was  exactly  at  its  horizontal  diameter,  its  con- 
ditions might  be  likened  to  those  of  a  closed  circular  i)ii)e  of  the 
same  radius.  These  expeiimeuts  were  made  in  1857  and  1858,  when 
there  were  built  foui'  canals  ranging  in  diameter  from  1.20  to  1.40  m., 

*  Mfinwires  de  VAcadimie  des  Sciences  de  Paris,  Reciieil  des  Savants  Etiangerf, 
Tome  xxxii. 

t  M.  Darcy  considered  that,  on  account  of  the  disposition  of  the  appiiratus.  the  last 
three  are  not  strictly  comparable  with  the  others,  and  do  not  meet  tli»'  comlitions  of  a 
normal  regimen. 
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M.  BaziD.  with  a  uniform  sloiie  of  0.0015  m.  per  meter,  and  ha^-ing  various  sur- 
faces (boards,  smooth  cement,  cement  and  fine  sand,  and  cement 
mixed  with  fine  gravel).  The  velocities  were  measured,  not  alone  at 
five  points  on  the  central  vertical,  but  at  a  great  number  of  points 
distributed  upon  concentric  circles  and  apjjroaching  the  walls  as 
closely  as  possible.*  The  variation  of  the  velocities  was  thus  deter- 
mined' throughout  the  entii-e  extent  of  the  cross-section,  and  showed 
immediatelv  that,  beyond  two-thirds  of  the  radius,  i.  e. ,  in  the  region 
not  investigated  in  1850,  the  velocities  diminished  more  rapidly  than 
was  indicated  by  the  formula.  The  discussion  of  those  experiments 
led  the  writer  to' the  substitution  of  a  new  expression: 


..(2)  .^-^'=2lVKi) 


"  The  curves,  0  A  and  0  B,  Fig.  103,  represented  by  Equations  (1)  and 

V  .  V T 

(2),  using  for  ordinates  the  ratio  ^5-,  and  for  abscissas  -= — — =,  intersect 

-"-  ^  y  6 

at  a  point  the  abscissa  of  which  is  -^  =0.662,  or  a  little  less  than  two- 

thirds  of  the  radius.  Between  that  jjoint  and  the  origin  their  greatest 
divergence  is  at  an  abscissa  of  0.417,  and  has  a  value  of  1.52.  Beyond 
their  pomt  of  intersection  the  curves  diverge  rapidly.  The  new  results 
appeared  contradictory  to  those  of  M.  Darcy,  obtained  in  1850.  He 
had  then,  indeed,  only  experimented  u^jon  jjipes  of  small  diameter,  for, 
pxeluding  the  three  observations  on  the  largest  jjipe,  considered  as 
hardly  comparable  with  the  others,  the  largest  diameter  he  used  was 
0.30  m.  (less  than  1  ft.),  wherein  the  measurement  of  velocities  near 
the  walls  would  have  been  exceedingly  dilficult.  On  the  other  hand, 
the  question  may  be  raised  whether  there  is  a  complete  analogy 
between  a  semi-circular  open  canal  and  a  circular  closed  pipe. 

"Some  further  exjjeriments  seemed  necessary,  which  should  be 
made  upon  a  closed  conduit  of  such  increased  diameter  as  to  pennit 
the  multiplication  of  the  jioints  of  observation,  especially  throughout 
the  region  beyond  two-thirds  of  the  radius.  Such  experiments  requii-e 
a  considerable  time,  and,  consequently,  a  large  quantity  of  water,  and, 
therefore,  it  was  not  possible  to  attempt  them,  under  the  same  condi- 
tions as  those  of  1850,  since  the  deijendence  for  water  upon  one  of  the 
laterals  of  the  Paris  distribution  system  rendered  their  execution  in- 
compatible with  the  demands  of  the  supply  to  the  city.  It  has, 
however,  at  last  been  possible  for  the  writer  to'  carry  out  such  experi- 
ments by  utilizing  the  canal  at  Dijon  where  the  investigations  of  the 
flow  of  water  over  weirs  were  made.f 

"A  cement  pipe,  0.80  m.  in  diameter  and  80  m.  long,  was  con- 
structed upon  the  bed  of  the  canal.  This  pipe  was  straight,  perfect  in 
bore,  and  opened  at  its  extremities  into  two  basins,  2  m.  wide  and  15 
m.  long,  having  vertical  walls  (Figs.  96,  98  and  99).  The  upper 
l)asm  was  supplied  with  water  from  the  Canal  de  Bourgogne;  the 
lower  basin  received  the  discharge  of  the  pipe,  and  delivered  it 
through  a  sluiceway  0.80  m.  wide,  which  was  furnished  with  stop 
planks,  thus  enabling  the  surface  of  the  water  in  the  basin  to  be  kept 
at  any  desired  height.  After  passing  the  sluicewav  the  water  was 
measured  over  a  weir  50  m.  below.  The  elevation  of  the  water  surface 
ID  each  basin,  which  was  kept  uniform  during  an  experiment,  was  in- 

in  Ji^nt°«"n'?^'"  o^  points  amounted  to  W  for  the  canal  in  smooth  cement,  63  for  that 
in  cement  and  sand.  82  for  that  in  planks,  and  92  for  the  canal  in  gravel. 
t  Annalea  des  Pontx  et  Chau.ssies,  October,  1888. 
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dicated  by  the  apparatus  iised  for  a  similar  purpose  in  the  weir  inves-  M.  Ba/.in. 
ligation.* 

"In  order  to  measure  the  velocities  throughout  the  cross-section 
of  the  pipe,  it  was  necessary  to  introduce  a  rigid  instrument  of  as 
little  volume  as  possible;  for  the  purpose  of  admitting  the  instrument, 
there  were  constructed  three  shafts  opening  the  full  width  of  the 
pipe,  0.80  m.,  and  0.08  m.  in  length,  along  the  axis  of  the  pipe  (Figs. 
96,  98  and  99).  These  divided  the  length  of  the  pipe  into  four  equal 
parts,  the  one  at  the  middle  being  40  m.  from  the  extremities  of  the 
pipe  and  the  others  each  20  m.  On  the  right  of  each  shaft  was  installed 
a  manometer,  consisting  of  a  glass  tube  with  a  scale,  the  former  being 
connected  to  the  interior  of  the  pipe  by  an  orifice  0.002  m.  in  diameter, 
pierced  in  the  wall,  without  any  protuberance. 

"  The  aj^paratus  used  to  measure  the  velocities  was  a  modification 
of  the  gauging  tube  of  M.  Darcy ;  but  this  tube,  constructed  at  the 
time  of  the  experiments  of  1857  to  operate  in  a  shallow  current,  was 
not  immediately  applicable  to  a  pipe  0.80  m.  in  diameter,  on  account 
of  the  great  distances  to  be  passed  through  between  the  ajutages  and 
the  end  of  the  stem,  because,  the  support  of  the  latter  being  1.60  m. 
abov^e  the  ajutages,  the  instrument  would  not  jiresent  sufficient  rigid- 
ity. It  became  necessary,  therefore,  to  supjiort  the  instrument  at 
both  its  extremities,  just  as  M.  Darcy  had  done  with  the  one  in  the 
iron  pipes  in  18-50;  but  as  he  was  operating  only  within  the  central 
vertical,  it  wag  unnecessary  to  displace  the  stem  horizontally  in  his 
case,  while  iu  the  0.80  m.  diameter  conduit  it  was  desired  to  explore  the 
whole  section.  The  difficulty  was  very  satisfactorily  overcome  by  M. 
Hegly;t  the  apparatus  which  he  devised,  and  which  will  be  next 
described,  permitting  the  ajutages  to  be  placed  at  any  point  whatever 
in  the  cross-section  of  the  pipe. 

,  ,  is;.4»ft. 

— 65.6«-ft. J— 48.05  ft: »^toW,ir-. 

-20.00  m. x — lfc65-m^ 


fe^^^^^^ 


^^ 


A  B  C 

LONGITUDINAL  SECTION  OF  EXPERIMENTAL  CONDUIT 
Fig.  96. 
"The  ajutages  of  the  old  Darcy  tube  were  soldered  to  the  end  of  a 
stem  sliding  by  a  collar  along  a  blade  of  brass  O.OO-l  m.  thick,  beveled 
on  its  front  edge  (Fig.  100).  The  blade  formed  the  lower  i)art  of  a 
vertical  bar  carried  hj  a  collar,  through  which  it  could  slide,  and 
which  could  itself  be  moved  along  a  horizontal  bar  i)laced  across  the 
pipe  and  bearing  a  scale.  By  sliding  the  collar  along  the  horizontal 
bar,  and  at  the  same  time  moving  the  vertical  bar  in  its  collar,  the 
latter  was  brought  to  the  desired  vertical,  when,  the  bars  l)eing  fixed, 
the  ajutages  were  made  to  run  over  this  vortical  by  sliding  the  stem  on 
the  blade.  In  order  to  secure  the  foot  of  the  brass  blade  serving  as  a 
guide  to  the  ajutages,  it  extended  to  the  bottom  of  the  i)ipe,  where  it 
was  connected  by  a  knuckle  joint  com])rising  two  cups  terminating  the 
blade  which  imprisoned  a  ball  that  was  fastened  to  a  steel  tape  run- 

*  For  description  and  use  of  this  apparatus,  dial  floats  and  movable  point  gauge,  see 
the  memoir  already  cited,  Annalex  des  Fonts  et  ChaHns^e-i,  October,  18f8. 
t  Conducteur  des  Fonts  et  Chaus86es. 
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>l.  BaziD.  ning  in  an  annular  groove  (Fig.  99) ;  this  groove,  cut  in  the  wall  of  the 
pil^e,  was  closed  by  two  coj^per  bands,  leaving  a  very  small  space 
between  them;  the  steel  tajje  at  its  exit  from  the  groove  arose  verti- 
cally to  the  top  of  the  shaft  where  it  passed  over  a  dial  pulley  and  fell 
finally  outside,  being  held  in  jjlace  by  a  counterweight. 

"  Four'scales,  conveniently  placed,  measured  the  displacements  of 
the  bar,  the  ajutages  and  the  tape.  To  exjilain  the  use  of  this  appar- 
atus, suppose  the  bar  jjlaced  so  that  the  extreme  or  point  orifice  is  at 
the  center  of  the  pipe;  the  exploration  of  that  vertical  requires  simply 
the  maneuvering  of  the  stem  carrying  the  ajutages.  To  pass  to 
another  vertical,  the  collar  on  the  horizontal  bar  is  moved  horizon- 
tally, and,  at  the  same  time,  the  pulleys  are  turned  so  that  the  tape 
describes  the  necessary  arc  to  keep  the  blade  plumb,  the  vertical  bar 
sliding  in  the  collar  on  the  horizontal  bar  and  carrying  the  ajutages 
up  to  an  amount  equal  to  the  versed  sine  of  the  arc,  which  must  be 
compensated  for  by  sliding  them  on  the  blade  an  equal  distance  down- 
ward by  means  of  the  stem,  which  places  them  always,  when  in  the 
horizontal  diameter,  at  a  constant  distance  below  the  cross-bar,  meas- 
ured on  the  stem.  The  location  being  thus  checked,  the  measuring  of 
velocities  follows  as  in  the  center  vertical. 

"In  order  to  lighten  the  instrument  it  was  separated  from  the 
glass  gauge,  which  latter  was  mounted  upon  a  post  at  the  side  of  the 
pipe  (Fig.  98),  and  was  connected  to  the  ajutages  by  rubber  hose  of 
0.002  m.  interior  diameter  and  0.0025  m.  in  thickness,  sufficient  to 
prevent  them  from  being  kinked  over  the  top  of  the  shaft.  The 
gauge  board  carried,  in  addition  to  the  two  glass  tubes  connected  to 
the  adjutages,  a  U-tubegaiige,  designed  to  measure  the  partial  vacuum 
determined  by  the  suction  on  the  apparatiis.  When  the  partial  vacuum 
had  been  made,  with  the  apparatus  for  that  purpose,  a  valve  com- 
municating with  the  manometer  was  opened  and  communication 
established  between  the  two  parts  of  the  apj^aratus.  The  inequality 
of  level  between  the  two  columns  of  the  (J-tube  gauge  showed  the 
height  by  which  the  water  columns  had  been  raised  by  the  suction, 
above  the  level  they  would  have  reached  in  free  communication  with 
the  atmosphere.* 

"  Determination  of  the  Coefficient  ft.— A  series  of  preliminary  experi- 
ments was  made  to  determine  the  coefficient  b.  Discharges  varying 
from  400  liters  to  1  cu.  m.  per  second  were  caused  to  flow  through  the 
pipe,  the  volume  delivered  being  measured  over  a  weir  2.01  m.  wide, 
having  a  sharp  edge,  without  end  contractions,  located  50  m.  beyond 
the  lower  basin,  of  which,  the  coefficient  of  discharge  m,  had  been 
perfectly  established  in  the  previous  experiments  upon  weirs,  f  The 
data  from  which  b  has  been  deduced  is  presented  in  Table  No.  57. 
The  water  levels  of  the  piezometric  columns  in  the  three  manometers 
and  that  of  the  lower  basin  are  referred  to  the  surface  of  the  iipper 
basin  as  a  datum.  The  slope  /,  per  running  meter,  has  been  obtained 
by  dividing  the  difference  betMeen  the  heights  of  the  piezometric 
columns,  A  and  C,  by  their  distance  apart,  40  m. 

"  The  coefficient  /;  is  practically  constant,  and  the  mean  value  for 
the  ten  experiments  is  0.000332. 

"  The  total  loss  of  head  77  through  the  upper  and  lower  basin  is 
not  the  result  of  the  resistances  through  the  pipe  alone,  but  also  those 
due  to  the^ sudden  changes  of  section  at  entry  and  exit.     An  approxi- 

t\^  *f''<',''^equality  of  the  two  columns  of  the  Utube  gauge  enabled  the  obtaining  of 
f-,„.  "iM  .  .^  pressures  existing  at  each  point  in  the  section  of  the  pipe,  and  it  was 
round  that  these  pressures  varied  hydrostatically. 

+  For  a  table  of  these  coefficients,  see  AnrMles  des  Fonts  et  Chaussees,  October,  1888. 
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M.  Bazin.  mate  computation  of  the  relative  importance  of  tliese  elements  may  be 
made,  upon  the  assumption  that  the  loss  of  head  per  meter  for  the 
whole  conduit  coincides  with  that  for  the  section  of  40  m.  between  A 
and  C.  For  example:  In  Experiment  No.  1,  the  sloj^e  from  A  to  C 
was  0.131  m.,  and  on  this  basis,  fi-om  the  entrance  to  ^4,  and  from  C  to 
the  outlet,  a  distance  of  20  m.  each,  it  would  be  0.065-5  m.  each.  The 
fall  from  the  upper  basin  to  Manometer  A  was  0.842  m.,  and  the  por- 
tion chargeable  to  resistances  at  entrance  is  therefore  0.342  m.  — 
0.0655  m.  =  0.2765  m.  Similarly  at  the  outlet,  the  loss  from  f  to  the 
outlet  being  0.0655  m.,  added  to  the  loss  to  C  gives  0.0655  m.  +  0.473  m. 
=  0.5385  m.  The  total  fall,  FT,  is  only  0.469  m.,  and  therefore  there 
has  resulted  a  recovery  of  head,  between  C  and  the  lower  basin,  of 
0.5385  m.  —  0.469  m.  =  0.0695  m.  Similar  computations  for  all  the 
experiments  are  presented  in  Table  Xo.  58. 

"TABLE  No.  58. 
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1.773 
1.501 
1.460 
1.439 
1.279 
1.114 
1.053 
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0.848 
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0.0165 
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Meters. 
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0.365 
0.260 
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0.5G9 
0.581 
0.564 
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0.554 
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0.559 
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0.569 
0.569 
0.566 
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0.574 
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0.321    0.663 
0.313    0.665 
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0.285    0.654 
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0.660 

ir.  .11  fv,  P^<'PO':*io'i  of  ^lie  head,  H,  m  h„  h,,  h,,  ispracticallvthesame 
in  all  the  experiments  and  it  may  therefore  be  considered  that  the 
three  heads  vary  but  little  from  proportionality  to  U\  The  loss  at 
entry  is  equal  to  1.30  |-'  (neglecting  the  effect  of  velocity  in  the  chan- 
nel of  ap^roach^*^he  discharge  through  the  pipe,  which  is  only 

and*?;?houtdi'4lrbane?^'M?^^^^^^^ 

lower  basin  wheivtlipn-ntir  „.o.  -i      l?^"  t^'s  was  not  the  case,  however,  in  the 

through  the  s  toav  ar  tlfp  in\f.«  ^''''T^/l?:^^^'  ^Kitated  and  flowed  out  of  the  pipe  and 
the  ooefflcfent  0  30  of  rLoverv  n>>f«^°'/•''^^v!^'°  «-ith  quite  a  high  velocity;  theVefore. 
prec-ise  interpretation    '^^^°''^'^>   obtained  in  the  table  is  not  capable  of  a  theoretically 

tion'^w;rrcom%7e^^^,fcP^^^^^^  ^LTf^^'  would  certainly  be  a  little  higher  if  the  contrac- 
above  thf.  bed  .f  the  channH  F^^  -^  t^/  ^^^^^  bottom  where  the  pipe  was  only  0.12  m. 
from  the  edge  of  the  ni^  LT.m'  f'  ^^^  snie  services,  ^^•hich  were  distant  only  0.40  m. 
tionmuchlSlirairtant  exerted  a  similar  influence,  though  in  a  propor- 
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dependent  upon  the  diflference  of  liead,  //,  between  the  two  basins,  may  M.  Bazin. 

be  represented  by  U  =  m^  \/2rjH,  and  from  Table  No.  5H  the  coef- 
ficient, ?«\  is  practically  constant,  with  a  mean  value  of  0.C60.  This 
has,  therefore,  been  used  as  a  means  of  determining  the  discharge 
through  the  pipe  during  the  experiments  iii)on  the  distribution  of 
velocities.  The  area  -of  a  normal  section,  0.80  m.  in  diameter,  is 
0.5027  sq.  m.,  whence  the  discharge,  for  a  diflference  of  surface  height, 

//,  is  §  =  0.660  X  0.5027  V  ^g  H  =  0.3317  V^lpT- 

^^  E.i:perivients  upon  the  Distribution  of  Velocities. — Passing  now  to 
the  experiments  upon  the  distribution  of  velocities  throughout  the 
interior  of  the  same  section  of  pipe,  observations  were  made  at  three 
sections  preceding  the  manometers.  A,  B  and  C,  and  at  each  of  these 
with  two  different  discharges.  The  velocities  were  measured  upon 
two  diameters  at  right  angles  to  each  other,  one  vertical  and  the  other 
horizontal,  and  for  each  the  velocitv  was  measured  at  jioints  0.025, 
0.05,  0.10,  0.15,  0.20,  0.25,  0.30,  0.35  and  0.375  m.  from  the  center,  and 
at  the  center,  making  37  points  of  observation.  That  number  was 
augmented  at  B,  for  the  higher  discharge,  to  113,  the  points  being  dis- 
tributed along  concentric  circles.*  In  order  to  determine  as  nearly  as 
possible  the  areas  of  the  three  sections  of  the  pipe,  they  were  meas- 
ured at  each  location  on  a  number  of  diameters;  from  these  measure- 
ments mean  diameters  were  obtained:  of  0.798  m.  at  ^,  0.802  m.  at  B, 
and  0.800  m.  at  C.  The  discharges  deduced  from  the  difference  of 
level  in  the  two  basins  if  for  the  six  experiments  are  shown  in  Table 
No.  59. 

•'TABLE  No.  59. — Mean  Velocities. 


Section. 


Section  A -j 

Section  B \ 

Section  C ■! 


.  0.3.31- ^27^:  ^^"''°/ P'P*' 


Meters. 

Cubic  meters. 

Square  meters. 

0.148 

0.56.52 

0.5001 

0.260 

0.7491 

0.5001 

0.136 

0.5418 

0.5052 

0.258 

0.7462 

0.5052 

0.143 

0.5556 

0.5027 

0.259 

0.7477 

1           0.5087 

Mean  velocity 

thiou^h  the 

section, 

Q 

F 


Meters. 
1.180 
1.498 
1.072 
1.477 
1.105 
1.487 


"Table  No.  68  shows,  for  each  point  in  the  horizontal  and  vertical 
diameters,  the  velocities  deduced  from  the  diflference  of  level.  <S,  of  the 
two  columns  of  the  tube  gauge,  by  assuming  that  the  coeflScient  of  the 
instrument  is  unity,  when  there  results: 

r=-\/275t 


•  A  similar  experiment  was  made  at  Station  B  with  the  smaller  discharge  ancKsmi- 
larly,  113  points  «^re  observed.  It  will  be  seen  further  on  whv  they  have  been  rejwted. 
the  loss  of  head  between  the  two  basins  was  H  =  0.148  m..  the  discharge  V  =  0.381.  X 
V2gH=  0.5652,  and,  consequently  the  mean  velocity  through  the  section  was  U  = 

^-:^2.1119 
0.5052      *•      • 

+  Fig.  97  shows  the  observations  on  the  horizontal  and  vertical  diarneters  plottwl  in 
a  manner  similar  to  that  adopted  by  the  authors  of  the  paper.— U.  b.  >v . 
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M.  Bazin.        "Fig.  101  shows  the  velocities  for  the  experiment  at  B  with  the 
higher  discharge,  when  113  points  were  observed. 

"  Calculating,  by  means  of  these  data,  the  mean  velocity  for  each 
of  the  concentric  circles,  Table  No.  60,  is  obtained. 


SECTION  B,  26  DISCHARGE 
MEAN  VELOCITY  =1.469  M. 


numbers  give  observed  velocity  in  meters  per  second, 
mean  diameter  of  section  of  pipe  at  £=0.802  m.  =  2.631  ft. 

Fig.  101. 

"  Before  proceeding  further,  it  is  necessarv,  bv  wav  of  verification, 
to  determine,  by  the  aid  of  the  local  velocities,  the  value  of  the  mean 
velocity  of  the  whole  section,  and  compare  it  with  that  which  has 
been  determined  directly  from  H.  This  determination  is  made  bv 
multiplymg  the  area  n {r.{  —  r{)  of  the  ring  between  two  successive 

circles,  r^  and  r..,  by  the  mean,  "'  ^  "-',  of  the  velocities  for  each  of  the 

two  circles  and  dividing  by  the  area,  n  R\  of  the  whole  section,  the 
sum  of  the  partial  discharges. 
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'TABLE  No.  60. — Meax  Velocities  Obsebved  fob  each  Cokcektric  m.  Bazin. 

ClBCLE . 


Radius 
of 

Section  A. 

Section  B. 

Section  C. 

Circle. 

1st 
discharge. 

2d 
discharge. 

1st 
discharge. 

2d 
discharge. 

1st 
discharge. 

3d 
discharge. 

Center* 

Meters. 
1.249 
1.246 
1.227 
1.218 
1.199 
1.173 
1.117 
1.039 
0.945 
0.820 

Meters. 
1.665 
1.665 
1.644 
1.626 
1.609 
1.568 
1.510 
1.368 
1.288 
1.130 

Meters. 
1.246 
1.239 
1.219 
1.208 
1.153 
1.113 
1.060 
0.966 
0.896 
0.805 

Meters. 
1.70»! 
1.702 
1.683 
1.652 
1.611 
1.5.31 
1.468 
l.:i58 
1.255 
1.080 

Meters. 
1.271 
1.261 
1.247 
1.219 
1.1R5 
1.140 
1.(j92 
1.007 
0.912 
0.795 

Meters. 
1  721 

0  05 

1  708 

0  10    

1  696 

0  15 

1  652 

0.20 

1.616 

0  25 

1  518 

0.30 

1.477 

0.35 

1.369 

0  375 

1.254 

0.40 

1.096 

Perimeter. 

*  The  velocity  adopted  for  the  center  is  the  mean  of  five  points  observed,  one  at  the 
center  and  four  at  a  distance  of  0.025  m.  from  it.  The  velocity  at  the  perimeter  is  deter- 
mined approximately  by  the  graphical  process  of  drawing  upon  a  suflBcient  sc-ale  the 
ciu^e  with  radii  as  abscissas  and  velocities  as  ordinates  and  prolonging  it  by  judgment 
to  an  abscissa  of  r  =  0.40  m. 


TABLE  Xo.  61. — Comparison'  of  Tot.a^l.  ]Mean  Velocities. 


Mean  Velocttibs. 

T>       »•              V 

Designation. 

By  local  velocities, 
U. 

By  total  slope. 

H, 

Ratio,  _. 

A   Ist  discharge 

1.108 
1.486 
1.060 
1.469 
1.087 
1.478 

1.180 
1.498 
1.072 
1.477 
1.106 
1.487 

0.981 

2d          "       

B.  1st          "        

0.992 
0.989 

2d           '•        

0.995 

C.  1st          "        

0.9S4 

2d          "       

0.984 

"These  new  velocities  are  all  a  little  less  than  the  former  ones,  the 
mean  ratio  being,  for  the  lower  discharge  0.98.5,  and  for  the  higher 
0.994.* 


♦  The  same  calculation  applied  to  the  experiment  at  B,  which  it  has  been  thought 
should  be  rejected,  gave  TJ  =  1.065  m.  and  —  =  p^-g  =  0.952.  This  ratio  seemetl  to  indi- 
cate that,  from  some  accidental  cause,  the  observed  velocities  must  have  been  ab<iut  ■CV 
below  the  recognized  values.  Concerning  this,  it  must  be  aeknowledge<l  that  this 
experiment  wa.s  made  at  the  beginning  of  the  work  and.  the  rubber  tubes  iieing  very 
flexible,  their  section  was  contracted  in  passing  out  of  the  shaft,  so  that  they  trans- 
mitte<l  imperfectly  the  pressures  from  the  ajutages:  the.se  were  replH<--d  by  thicker 
tubes  for  the  execution  of  the  remaining  experiments,  thus  avoidmc  the  dimculty.  It  is 
to  be  remarked,  in  passing,  that  the  values  obtained  from  this  first  exi>eruiient  were 
very  little  diflferent  from  the  rest,  as  if  the  true  velocities  had  been  altered  in  a  nearly 
constant  ratio.    The  values  are  as  follows: 


0 

0  06 

0  10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.375 

0.40 

1.251 

1.243 

1.225 

1.1% 

1.166 

1.122 

1.063 

0.973 

0.901 

0.805 

=:....  1.175      1.167      1.150 


1.123      1.095      1.054      0.968      0.914      0.846      0.756 
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"  The  method  of  calculation  used  tends,  it  is  true,  to  reduce 
the  velocities  a  very  little,  but  this  cause  of  error  is  quite  insignifi- 
cant, and  it  seemed  wise  to  search  for  the  explanations  of  the  differ- 
ence which  is  established,  either  in  the  indeterminateness  of  the 
coefficient  0.660,  or  rather  through  the  indeterminateness  of  the  coef- 
ficient used  for  the  gauging  tube.  It  has  been  supposed,  in  effect, 
that  the  coefficient  bv  which  to  multiply  V-^  i/  5  to  obtain  the  velocity 
is  unity;  but  it  is  jjossible,  by  reason  of  the  oblique  direction  in 
which  the  fluid  fillet  may  have  encountered  the  lateral  orifice  placed 
in  the  surface  parallel  to  the  current,  that  the  value  of  this  coefficient 
may  exceed  unity  by  a  few  thousandths. 

"Whatever  may  be  the  cause,  as  the  difference  is  fortunately  of 
little  importance,  a  comparison  of  the  velocities  may  more  safely  be 
made  among  themselves,  for  which  they  are  divided  by  the  mean 
velocity  deduced  from  the  observation  of  the  same  velocities,  and  not 
from  those  results  established  by  formulas  for  application  to  other 
conditions.     Dividing  through  all  the  values  of  Table  No.   60  bv   U 


there  are  obtained  the  values  of  the  ratio 


shown  in  Table  No.  62. 


"  TABLE  No.  62. —Values  or  the  katios,  ^^. 

U 


Radius 

Ratio. 

of 

r 

Circle, 

■ff 

Meters. 

Center 

0 

0.05 

0.125 

0.10 

0.250 

0.15 

0.375 

0.20 

0.500 

0.25 

0.625 

0.30 

0.750 

0.35 

0.875 

0.375 

0.937 

Perimeter 

1.000 

Section  A. 


1.127 
1.124 
1.107 
1.100 
1.082 
1.059 
1.008 
0.938 
0.853 
0.740 


Section  B. 


1.124 
1.114 
1.106 
1.0*4 
1.083 
1.055 
1.016 
0.921 
0.867 
0.760 


1.175  I 

1.169 

1.150 

1.140 

1.088 

1.050 

1.000" 

0.911 

0.845 

0.759 


1.161 
1.158 
1.146 
1.1^ 
1.097 
1.042 
0.999 
0.92.T 
0.854 
0.735 


Section  C. 


1.169 
1.160 

i  1.147 
1.121 
1.090 
1.049 
1.005 
0.926 
0.839 
0.731 


1.165 
1.155 
1.147 
1.118 
1.094 
1.043 
0.999 
0.926 
0.848 
0.741 


Mean  for  each  section. 


1.1205 
1.1190 
1.1065 
1.0970 
1.0825 
1.0570 
1.0120 
0.9295 
0.8600 
0.7500 


1.1680 
1.1635 
1.1480 
1.1320 
1.0925 
1.0460 
0.9995 
0.9180 
0.8495 
0.7470 


1.1670 
1.1575 
1.1470 
1.1195 
1.0920 
1.04a5 
1.0020 
0.9260 
0.&435 
0.7360 


"On  inspection  of  Table  No,  62  it  is  seen  that  the  values  of  the 
ratio  -=r  are  quite  concordant  for  the  four  experiments  made  at  Sec- 
tions B  and  C,  but,  for  Section  .4,  they  are  appreciablv  different;  being 
less,  to  the  extent  of  0.05,  for  the  central  region,  and  more,  bv  about 
0.01,  for  the  region  of  the  perimeter.  The  reason  of  this  difference  is 
apparent  at  once,  for,  because  of  the  contraction  which  takes  place  at 
the  entry  of  the  pipe,  the  ratios  of  the  velocities  do  not  have  the  same 
values  that  exist  further  on  when  a  uniform  regimen  is  established; 
this  readjustment  is  progressive,  and  is  but  imperfectlv  realized  when 
the  fillets  reach  Section  A,  only  a  distance  of  20  m.  from  the  entrance; 
the  equality  of  the  ratios  for  Sections  B  and  C  shows  that  the  velocities 
are  readjusted  upon  reacliing  Section  B.     It  is  therefore  Sections  B 
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and  Ctbat  furnish  data  of  the  true  distribution  of  velocities  for  the  M.  Biizin. 
conditions  of  regular  flow.     Taking  the  means  of  the  ratio  -^  of  the 
four  experiments  at  these  two  sections,  there  results,  in  the  first  place, 
for  the  central  velocity,  "tt  =  1- 1675;  dividing  the  differences,  — jj-'  by 

y/  b  =  0.0182  and  comi?aring  the  values  thus  obtained  with  those  of 
Formtilas  (1)  and  (2)  there  results  Table  No.  G3. 


TABLE  No.  68. — Compakison  of  Experimental  Values  of 

WITH   rORMULA.S  (1)  AND  (2). 


V— 


uV  h 


Experi- 
mental 

V—v 
U 

V—v 
UV'~b 

Differences. 

Values  of 

V 

R 

U 

Experi- 
ment. 

by 
Formula 

(1) 

by 
Formula 

(2) 

Formula 
(1) 

Formula 

(2) 

0 

1.1675 

0 

0 

0 

0 

0 

0 

0.125 

1.1605 

0.0070 

0.38 

0.50 

0.04 

+  0.12 

-0.34 

0.250 

1.1475 

0.0200 

1.10 

1.41 

0.33 

+  0.31 

-0.77 

0..375 

1.1258 

0.0417 

2.29 

2.59 

1.11 

+  0.80 

-1.18 

0.500 

1.0923 

0.0752 

4.13 

4.00 

2.63 

-0.13 

-1.50 

0.625 

1.0473 

0.1202 

6.60 

5.58 

5.13 

—  1.02 

-1.47 

0.750 

1.0008 

0.1667 

9.16 

7.34 

8.86 

—  1.82 

—0.80 

0.875 

0.9220 

0.3455 

13.49 

9.25 

14.07 

-  4.24 

+0.68 

0.9.37 

0.8465 

0.3210 

17.64 

10.26 

17.30 

—  7.38 

-0.84 

1.000 

0.7415 

0.4260 

28.41 

11.30 

21.00 

-12.11 

-2.41 

"  Table  No.  63  shows  that  neither  formula  represents,  through  the 
entire  series,  the  results  of  expei'iment.  That  of  M.  Darcy  applies 
well  to  the  central  portion,  but  diverges  rapidly  when  ?•  exceeds  §  i?; 
Formula  (2),  on  the  other  hand,  fits  well  the  outer  region  and  gives 
too  low  values  for  the  center.  To  render  the  results  easv  of  compre- 
hension, the  exi^eri mental  values  are  re])resented  grapliioally,  with 

,,     ,_  for  ordinates,  in  Fig. 
0  A  and  0  B,  representing  Formulas  (1) 


,-  \r 

the  values  of  ^  as  abscissas  and  those  of 

103,  with  the  two  curves 
and  (2) 


The  figure  shows  well  that,  for  values  of  -^  below 


O.C,   For- 


mula (1)  is  ajjijlicable,  while  above  that  limit  the  divergence  is  rapid, 
and  tlaen  Formula  (2)  may  be  better  substituted;  the  latter  shows 
better  the  character  of  the  general  phenomena,  except  for  the  central 

y —  V 

region,  where  it  furnishes  values  oi  ^rr — r=  a  little  too  small.    It  is  now 

(^  y  b 

proposed  to  see  if  a  corrective  term  can  be  found  to  apply  to  the 
second  member  to  bring  the  results  more  closely  in  harmony  with 
experiment.     To  obtain  a  first  approximation,  a  term 

2 


A  =  .V*(J)^(,_,^) 
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..,3,-^^  =  ^T{2i(j)'  +  .(i)Xi-/^ir)' 


Mr.  Bazin.  is  introduced,  and  there  results: 
V- 

u    -  y  "  i 

"  The  values  of  a  and  /i,  by  reason  of  the  smallness  of  A,  can  vary 

V 

quite  appreciably  without  notably  affecting  that  of  -jj.      Those   which 

appear  the  most  accordant  are  a  —  27,  and  /3  =  1.1;  but  results  are 
obtained  but  little  different  with  a  =  21  and  ^  =  1.  The  formula, 
being  thus  considerably  simplified,  becomes,  on  reduction: 


U 


--vfidYAiy^ay] 


"Whatever  values  are  adopted  for  or  and  /i.  Formula  (3), does  not 
well  fit  the  points  near  the  perimeter,  where  it  furnishes  always  for 
V —  V 
_.    /^  a  value  a  little  above  21,  while  that  from  experiment  is  23.41; 

this  last  quantity,  it  is  true,  does  not  result  directly  from  experiment, 
but  simply  from  prolonging  the  curve  by  judgment;  nevertheless,  it 
is  clear  from  inspection  of  the  figure  that  the  true  value  is  above  23. 
Useful  results  may  now  be  obtained  either  by  adopting  a  value  of  y  very 

complex  in  form,  or  abandoning  the  expression  21  (-^j    as  the  first 

approximation,  and  looking  for  another  totally  different  empiric 
formula.     The  expression 

which  corresponds  graphically  to  the  arc  of  an  ellipse,  applies  better 

V —  V 

near  the  perimeter,  and  making  a  =  29.5  and  /?  —  0.95,  gives y^ 

Uyb 
=  22.90  at  the  wall.  On  the  outside  of  this  special  region,  these  dif- 
ferent formulas  follow  very  closely,  as  far  as  can  be  judged  from  the 
graphical  representation  adopted  with  Formulas  (1)  and  (2) ;  dividing 
by  y  ft  and  replacing  a  and  /3  by  their  numerical  values,  the  formulas 
can  be  written : 

"  The  tw^o  curves,  0  Caud  0  D,  corresponding  to  these  equations, 
are  shown  in  Fig.  103,  in  which  each  may  be  merged   with  that  of 

Formula  (2)  between  abscissas  of  ^  =  0.75  and  ^  =  0.95.      From 

there.  Formula  (6)  separates  from  the  two  others. 

"Continuing  to  examine  the  preceding  expressions  regarding  the 

mean  velocity,  U,  and  the  ratio,  -^,  and  considering  at  first  Formula 

(3),  in  which  we  note  that  U  \~b=.  \/~Wl : 
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M.  Bazin. 


EXPERIMENTS 
OF  M. OARCY 
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O  o 

and  integrating, 

C/-=  F— V^^(8.40  +  -^a— -|-  a/i  +  ^  aft') 

whicli,  when  divided  by  U,  and  ^  is  replaced  by  V  b,  becomes  : 

"(7)  -^-  =  1  +8.40  V"^+  ^^  (15-  24 /i  +  10  /i")  =  1+9.03  /T, 

and,  making -/i  =  0.0182,  there  results  -=r  =  1.1643,  and  experiment 

V 
shows    1.1675.      There    follows,    in   applying     Formula    (2),  — ^  = 

1+  8.40  -/T^  1.1529.      With  Formula  (1)    there  results   a  value 
decidedly  too  small,  viz. : 

-^=1+  Ax  11.3  -/T=  1  +  6.46  -/T=  1.1175. 
' '  Effecting  the  same  integration  with  Formula  (4) : 

o 

there  is  deduced 

a  value  identical  with  that  of  the  last  formula. 

"The  position  of  the  mean  velocity  is  easily  determined  from  For- 
mulas (5)  and  (6)  by  making  v  —  U  and  replacing  y^  by  its  value  from 

(7)  or  (8).    From  these,  to  determine  the  distance,  r,  of  the  fillet  of  mean 
velocity,  we  have, 

and  29.5  [^1  _  J  1  _  0.95  ^  ]  =  9.03, 

from  which  -^  =  0.74,  approximately,  for  both  cases.     Formula  (2) 

r        '^  l"2 
gives  a  value  but  little  different:  ^  =      —  =  0.737,  but  the  formula 

■ti      \  5 

of  M.  Darcy  gives  the  much  lower  value  of  -^  =  0.689. 
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"Making   comparisons   of   the   two  empiric  formulas    presented,  M.  Bazin. 

V V 

the  values  of  — =. —  which  they  furnish  are  calculated.     Table  No.  64 

gives  these  different  values  compared  with  the  experimental  results, 
by  which  one  may  judge  of  the  degree  of  approximation. 


TABLE  No.   64. — Cosipakison  of  Experi51ental  VAiiUES  of 

WITH   FoRiTCIiA-S  (5)  AJs'D  (6). 


U 


V 
Vai-ces  op  — 

—  V 

u  ■ 

DiFFSBEXCES. 

Remarks. 

R 

3 

1 

S 

« 

»  si 

Oo 

pS 

ss- 

H£ 

fe^ 

fe  — 

o 

u  -^ 
o 

>. 

>> 

>> 

fa 

fa 

n 

n 

0 

0 

0 

0 

0 

0 

Mean 

Errors. 

0.125 

0.0070 

0.0064 

0.0040 

-0.0006 

-0.0003 

Taking 

Not  taking 

0.250 

0.0200 

0.0221 

0.0162 

--0.0021 
--0.0023 

-0.0038 

account 

account 

0.375 

0.0417 

0.0440 

0.0371 

-0.0046 

of  sipn. 

of  sign 

0.500 

0.0752 

0.0727 

0.0681 

-0.0025 

-0.0071 

Formula  (5)..    -0.0037 

0.0074 

0.625 

0.1302 

0.1122 

0.1111 

-0.0080 

-0.0091 

(6)..     — O.0O24 

0.(X)64 

0.750 

0.1667 

0.1697 

0.1705 

-f0.0030 

+0.0038 

0.875 

0.^45.5 

0.2566 

0.2565 

+0.0110 

+0.0110 

0.9.37 

0.3210 

0.3153 

0.3188 

-0.0057 

—0.0022 

1.000 

0.4260 

0.3871 

0.4169 

-0.0389 

-0.0091 

"  One  sees  that  the  differences  between  the  observed  and  calculated 
values  are  of  small  importance.  For  a  similar  comparison  with  the 
experiments  of  M.  Darcy,  it  must  be  remarked,  at  the  beginning,  that 
the  distances  r^  and  r.„  at  which  the  velocities  r,  and  v.,  are  measured, 
^re  not  exactly  at  one-third  and  two-thirds  of  the  radius.  The  true 
values  Ti  :  R  and  r.y  :  R  are  as  shown  in  Table  No.  65. 


TABLE  No.  65.— Constants  of  M.  Dabcy's  Experimeiits. 


Designation  of  Series. 


1.  Pipe  of  0.19  m.  diacn 

2.  Pipe  of  0.24  m.  diam.,  with  deposits, 

3.  Pip»e  of  0.24  m.  diam.,  cleaned 

4.  Pipe  of  0.30  m.  diam 


Meters. 
0.0940 
0.1216 
0.1223 
0.1485 


Meters. 
0.0:«5 
0.0440 
0.0440 
0.0520 


Meters. 
0.0637 
0.0880 
0.0880 
0.1020 


0.*J6 
0.382 
0.360 
0.350 


R' 


0.678 
0.7»1 
0.790 
0.687 


"In  the  discussion  of  these  results,  M.  Darcy,  to  correct  the  velo- 
cities V,  Vy  and  r.„  multiplied  them  by  a  coefficient  which  varied  some- 
what from  one  experiment  to  another;  in  order  not  to  complicate  the 
subject  bv  the  introduction  of  foreign  elements,  this  coefficient  has 
not  been  taken  into  account  in  the  formation  of  Table  No.  66;  but  its 
value  is  given,  for  reference,  in  Column  6. 
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M.  Bazin.  "TABLE  No.  66. — Expeeiments  of  M.  Dakcy. 


Mean 
Velocity, 

U. 
Meters. 


(1) 


yT 


(2) 


Ratio  of  Velocities  by 
Experiment. 


V 

u' 

(3) 


u 

(5) 


Bo 


a  >, 

■2:2  >. 


(6) 


Series  1 

Pipe  I 

.19  m.  Dial 

0.758 

0.0245 

1.245 

1.189 

1.128 

0.0244 

1.249 

1.192 

1.488 

0.0239     1 

1.216 

1.164 

1.933 

0.0238     1 

1.223 

1.167 

2.506 

0.0239 

1.203 

1.152 

4.323 

0.0235 

1.206 

1.157 

Means. 

0.0240 

1.224 

1.170 

Calculated    Values 

by  Forr 

Qula  (6).. 

1.217 

1.175 

1.069 
l.O&l 
1.039 
1.041 
1.036 
1.030 


0.938 
0.925 
0.966 
0.964 
0.969 
0.975 


1.050 
1.040 


0.956 


0.452 
0.707 
1.547 
1.833 


Series  2.    Pipe  0.24  m.  Diameter;  -with  deposits. 


0.0347 
0.0339 
0.0341 
0.0340 
0.0340 


1.239 
1.173 
1.239 
1.249 
1.242 

1.159 
1.065 
1.149 
1.164 
1.153 

0.956 
0.929 
0.999 
0.990 
1.019 

1.228 
1.308 

1.143 
1.243 

0.979 
1.015     1 

1.027 
1.057 
0.983 
0.993 
0.965 


Means.       0.0341 
Calculated   Values 
by  Formula  (6; . . 


Series  3.  Pipe  C.24  m.  Diameter;  cleaned. 
0.537         0.0265  1.277  1.220  1.076 

0.949         0.0260  1.123     -      1.064  0.950 

1.904         0.0262  1.156  1.085  0.973 

4.497         0.0262  1.144  1.080  0.973 


Means.       0.0262 
Calculated    Values 
by  Formula  (6).. 


1.175 
1.237 


1.005 


0.918 
1.035 
1.013 
1.013 


1.112 
1.187 


0.993 
1.014 


0.355 
1.236 
1.665 
2.365 


Series  4. 
0.0287 
0.0245 
0.0245 
0.0244 


Pipe  0.30  m.  Diameter. 


Means.       0.0255 
Calculated    Values 
by  Formula  (6).. 


1.183 
1.226 
1.234 
1.199 


1.210 
1.230 


1.115 
1.175 
1.175 
1.147 


1.153 
1.185 


0.966 
1.069 
1.064 
1.047 


1.036 
1.037 


0.995 


1.035 
0.936 
0.940 
0.955 


0.967 


Remarks. 


(7) 


The  velocities  i-j  and  i\  are 
generally  equal  above  and 
below  the  center.  When 
they  are  not,  the  mean  of 
the  Values  of  each  has  been 
taken. 


The  value  of  '/  b  is  notably 
higher  for  this  second 
series  than  f<>r  the  other 
three:  this  series  was 
made  upon  a  pipe,  the  sur- 
face of  which  was  covered 
with  deposits;  it  was  the 
same  pipe  cleaned  which 
served  for  Series  3. 


"The  ratios  of  velocities  as  they  are  given  in  Table  No.  66  are 
calculated  by  the  aid  of  the  exiierimental  results,  Avithout  correction. 

"The  mean  velocity,  U,  was  the  result  of  a  direct  measurement, 
the  velocities  V,  r,  and  v^,  are  deduced  from  the  formula  v  =  '\/2  g  S, 
where  5  is  the  diflference  of  elevation  between  the  fluid  surfaces 
in  the  two  columns  of  the  instrument.  At  the  end  of  each 
series  have^  been  introduced,   for  purposes  of  comparison,  the  mean 

values  of -=:,  yjr  and  -^,  from  experiment,  with  their  values  computed 

from  Equation  (6)  by  introducing  the  mean  value  of  the  coefl&cient, 
V  b,  applicable  to  the  series  considered. 
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"There  are  similarly  jiresentecl  in  Fig.  103,   the  eight  points,  of  M.  Bazin. 

,■  V V 

■which  the  co-ordinates  are  the  mean  values  of  -=.  and  v? — -.^  for   each 

series,  which  values  were  calculated  from  the  foregoing  experimental 
data,  without  making  use  of  the  coefficient  of  correction. 

"The  results  obtained  for  the  pipes  of  0.19  and  0.30  m.  diameter 
concord  well  with  those  of  Formula  ((5).  The  mean  ratio  of  experi- 
mental to  calculated  values  being,  for  the  means  of  the  former,  l.(X)4, 
and  of  the  latter,  0.985  ;  this  last  mean  is  raised  to  unitv  if  the  tirst 
experiment  in  the  series,  which  seems  anomalous,  is  rejected.  It  is 
not  thus  with  the  series  on  the  pipe  of  0.24  m.  diameter,  where,  for  the 
first  series  (pipe  covered  -with  deposits),  the  mean  value  for  the  ratio 
is  0.941,  and  for  the  second  (pipe  cleaned)  is  0.955.  It  appears  that 
the  values  of  the  velocities  have  decreased  about  5'V  in  these  cases, 
from  some  unexplained  cause;  the  introduction  of  foreign  bodies  to 
the  orifices  of  the  instrument  ma3'  have  perhaps  caused  the  varia- 
tion; such  accidents  occurred  quite  fi-ecpiently,  as  M.  Darcy  himself 
has  stated;  and  he  has  had  to  reject  a  series  of  experiments,  made 
upon  an  iron  pipe  lined  with  bitumen,  which  was  affected  in  this 
manner.  It  has  been  seen  that  a  somewhat  similar  accident  has  pre- 
vented the  use  of  one  of  the  experiments  at  Section  B  on  the  writer's 
pipe  of  0.80  m.  diameter. 

''Experiments  of  John  R.  Freeman,  M.  Am.  Soc.  C.  E.,  with  a  Pipe 
of  Sm.aU  Diameter.  * — These  experiments  were  made  upon  the  jet  dis- 
charging from  a  straight  piece  of  brazed  brass  tubing,  IJ  ins.  in  di- 
ameter and  5  ft.  long,  which  was  screwed  to  the  l^-in.  diameter  tip  of 
a  fire-nozzle  fed  by  27-in.  hose,  under  fire  pressure.  The  point  of  the 
instrument  used  for  measiiring  the  velocitv  was  made  from  that  of  a 
fine  stylograjihic  pen  mounted  upon  a  knife-edge,  and  connecting  to  a 
Bourdon  gauge,  from  which  the  pressure  was  read.  The  observations 
were  made  by  sliding  this  point  across  the  jet  at  about  \  in.  from  the 
end  of  the  pipe. 

"  Table  No.  67  shows  the  results  obtained  by  Mr.  Freeman,  and  ar- 
ranged by  him  grapbicallv  on  a  large  scale.  The  velocities  are  not 
exactlv  alike  above  and  below  the  axis,  and  that  engineer  attributes 
this  to  the  method  of  manufacture  of  the  pipe.  However,  the  differ- 
ence is  of  small  consequence,  and  the  mean  of  the  two  values  for 
symmetrical  points  has  been  used. 

"Columns  7  and  8  of  Table  No.  67  are  calculated  from  Formula 
(6);  as  the  value  of  h  is  not  determined  in  the  experiment,  it  has  been 
necessary  for  applying  that  formula,  to  adopt  one  which  is  best 
adapted'to  the  experimental  results.  By  making  29.5  y//' =  0.625 
the  agreement   between  the  experimental  and  computed   values  of 

^-T—  is  quite  satisfactorv.     This  accordance  appears  on  inspection 

of  Fig.  103,  where  the  experiments  of  Mr.  Freeman  are  represented 
graphicallv  in  the  same  manner  as  those  previously  described.  If 
one  adopts,  for  the  very  special  case  which  we  arc  considering,  the 
coefficient  2).  5,  there  results  for  V  6  a  value,  0.0212,  somewhat  less 
than  the  coefficients  obtained  by  M.  Darcy  for  the  pipes  of  0.027  and 

*  As  Mr.  Freemans  own  description  of  the  apparatus  used  in  these  «P^rime"t«  is 
to  be  found  in  the  Tran^acHo^v^  of  this  Society.  \..l..xxi.  p.  -IIV/''  •••^''- '''*^.uV™."^f 'i?,' 
has  at  this  point  taken  the  Jiberty  of  abridgring  M.  Bazin  s  memoir,  so  far  a^  ihe  dt  st  rip- 
tion  extencfc.— G.  S.  W. 
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M.  Bazin.  0.40  m.  diameter,  which  coefficients  -were  all  comj^rised  between  0.025 
and  0.029.  Nevertheless,  it  is  considered  that  the  observations  repre- 
sented excejitional  conditions,  the  velocities  exceeding  20  m.  per 
second;  it  seems  that  on  arriving  at  the  terminal  orifice,  after  a  flow  of 
1.50  m.,  only  (about  50  diameters),  the  velocities  of  the  fillets  have  not 
yet  again  assumed  the  normal  distribution  of  velocities  conforming  to 
Formula  (6);  but  the  i^osition  of  the  mean  velocity  notable,  which  is  at 
the  distance  r  =  0.74  R,  agrees  very  well  with  the  case  of  the  writer's 
jjipe  of  0.80  m.  diameter. 

"TABLE  No.  67.— ExPEBiMENTS  of  ^Mb.  Fkeema>-. 


s 

»■ 

V-v 
Values  of    „   . 

2v 

,.u 

sfb 

L 

Differences: 

*^  l^ 

s|Q5 

J 

V—v 

g5 

o 

"S 

1 

By 

By 

Formula 
minus 

LWb 

Remarks. 

o 

Experi- 
ment. 

Formula 
(6) 

Experiment. 

(1) 

(a) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

Inches. 

Feet. 

0 

0          74.8 

1.197 

0 

0 

0 

0 

0.10 

0.174   73.3 

1.173 

0.024 

0.009 

—0.015 

1.13 

The  mean  velocity 

0.20 

0.348   71.6 

1.146 

0.051 

0.037 

—0.014 

2.41 

f  is  obtained  by 

0.30 

0.522   68.0 

1.088 

0.109 

0.087 

—0.022 

5.14 

dividing  the  total 

0.33 

0.609    66.1 

1.058 

0.139 

0.122 

—0.017 

6.56 

section  into  con- 

0.37 

0.643    65.4 

1.M6 

0.151 

0.138 

—0.013 

7.12 

centric  rings,  and 

0.39 

0.678   64.5 

1.032 

0.165 

0.156 

-0.009 

7.78 

multiplying    the 

0.41 

0.713    63.3 

1.013 

0.184 

0.176 

—0.008 

8.68 

area  of  each  ring 

0.43 

0.748    6-.'.0 

0.992 

0.205 

0.197 

—0.008 

9.67 

by  the    velocity 

0.45 

0.783    61.0 

0.976 

0.221 

0.221 

0 

10.42 

corresponding  to 

0.47 

0.817    59.7 

0.955 

0.242 

0.247 

1-0.005 

11.42 

it.  and  summing 

0.49 

0.852    58.2 

0.931 

0.206 

0.277 

-0.011 

12.55 

these    products. 

0.50 

0.870   57.3 

0.917 

0.280 

0.294 

-0.014 

13.21 

This  gives  for  U 

0.51 

0.887    56.2 

0.899 

0.298 

0.311 

1-0.013 

14.06 

the  value  62.5  ft . 

0.C2 

0.904    55.6 

0.890 

0.307 

0.329 

—0.022 

14.48 

or     19    m.     per 

0-53 

0.922    54.2 

0.867 

0.3.30 

0.351 

-0.021 

15.57 

second. 

0.54 

0.939    52.8 

0.845 

0.352 

0.373 

—0.021 

16.60 

-,      1.15     .  ,-_ 

0.55 

0.957   50.4 

0.806 

0.391 

0.400 

—0.009 

18.44 

R  -  -^   =0.57o  m. 
=  0.01461  in. 

0.56 

0.974    48.0 

0.768 

0.429 

0.429 

0 

20.24 

0.57 

0.991    45.0  1 

0.720 

0.477 

0.463 

-0.014 

22.50 

"  Reaume. — The  preceding  discussion  may  be  condensed  into  a  few 
words.  The  first  experiments  of  M.  Darcy  led  him  to  consider  as  the 
definite  law  of  decrease  of  velocity  away  from  the  center,  Formula  (1); 
but  he  did  not  work  at  all  with  a  pipe  of  large  diameter,  and  he  did 
not  measure  the  velocities  beyond  a  point  at  two-thirds  of  the  radius. 
The  new  experiments,  made  a  few  years  later  under  his  direction,  were 
extended  to  semi-cii-cular  canals  of  much  larger  dimensions,  which 
permitted  the  multiplication  of  the  points  of  observation  in  the  divis- 
ions of  concentric  circles;  these  experiments  produced  Formula  (2). 
According  to  the  new  expression,  the  decrease  was  less  rapid  in  the 
central  region  than  was  supposed  from  Formula  (1).  but  it  was  more 
pronounced  beyond  two-thirds  of  the  radius.  A  question  was  then 
raised  as  to  whether  it  were  possible  always  to  compare  a  full,  closed 
pipe,  in  which  the  flow  took  i^lace  under  pressure,  with  an  open,  semi- 
circular canal  where  the  absence  of  pressure  afcng  the  free  surface 
favored  the  production  of  irregular  motions.  If  such  a  comparison 
were  legitimate  for  the  outer  region  not  explored  in  1850,  it  was  not  as 
much  so  for  the  central  region.     It  was  necessary,  to  solve  the  ques- 
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M.  Bazin.  tiou,  to  work  with  a  pipe  of  large  diameter  for  conditions  more  favor- 
able tliau  those  which  M.  Darcy  had,  and  to  multiply  the  jjoints  of 
observation,  as  in  the  oj^en  canal.  For  this  purpose  has  been  utilized 
the  canal  in  which  were  carried  on,  with  the  support  of  the  Minister  of 
Public  Works,  the  study  of  flow  over  weirs.  This  canal,  built  at  Dijon 
and  furnished  with  an  intake  from  the  Canal  de  Bourgogne,  afforded 
an  excellent  opportunity  for  these  experiments,  and  their  execution 
has  been  entrusted  to  M.  Hegly,  who  has  been  at  the  writer's  command 
for  several  years  in  the  study  of  weirs.  The  assistance  of  that  saga- 
cious and  experienced  co-laborer  is  considered  very  valuable,  and  has 
enabled  the  determination  with  precision  of  the  distribution  of  veloci- 
ties in  a  pipe  of  0.80  m.  diameter. 

"  This  distribution  is  more  complicated  than  indicated  by  either 
Formulas  (1)  or  (2),  each  of  which  is  only  applicable  to  one  part  of  the 
section,  Formula  (1)  to  the  central  and  Formula  (2)  to  the  outer 
region.  The  latter,  however,  is  that  which  conforms  most  closely  to 
the  facts  as  a  whole;  it  requires  a  corrective  term  to  adapt  it  to  the 
central  region,  when  the  divergence  of  the  two  formulas  beyond  this  is 
not  very  great.  This  correction  is  not  necessary  in  an  open  canal 
where  the  motions  which  occur  near  the  free  surface  check  the  regular 
decrease  of  velocities;  under  such  circumstances  Formiila  (2)  gives  a 
more  accurate  representation  of  the  phenomena  than  Formula  (1) 
which  was  derived  from  the  case  of  a  jjipe.  The  difference  of  the  two 
modes  of  motion  appears  thus  in  the  central  region,  but  in  that  region 
only;  for  the  distribution  of  velocities  becomes  the  same  for  the  two 
cases  when  they  depart  from  the  center  of  the  section." 

Mr.  Kuichiiug.  E.  KuicHLiNG,  M.  Am.  Soc.  C.  E. — This  paper  is  a  most  valuable 
addition  to  the  literature  of  hydraulics,  as  it  brings  to  the  notice  of 
engineers  and  experimenters  an  extremely  ingenious  and  useful  instru- 
ment for  the  accurate  measurement  of  small  differences  of  hydraulic 
head  or  pressure,  as  well  as  a  new  application  of  the  Pitot  tube.  A 
vast  amount  of  careful  thought,  patience  and  labor  on  the  part  of  the 
authors  is  also  jjlainly  evident  in  the  various  experiments  described 
and  the  interesting  results  reached,  and  it  therefore  becomes  very  diffi- 
cult to  prepare  an  adequate  discussion  of  the  latter,  especially  as  the 
investigations  on  curved  pipes  are  limited  to  deflections  of  90^  only. 
There  are,  however,  a  few  points  which  seem  to  the  speaker  capable  of 
being  made  somewhat  clearer  by  the  authors,  and  it  is  hoped  that  the 
same  will  receive  consideration  in  their  closure  of  the  discussion. 

The  first  is  with  reference  to  the  means  by  which  the  pressure  open- 
ing of  the  Pitot  tube  is  always  kept  truly  normal  to  the  direction  of  the 
axis  of  the  pipe,  and  the  effect  of  slight  divergences  from  the  proper 
position  at  different  points  in  the  "traverse."  It  is  inferred  from  the 
description  that  a  cross-arm  on  the  upper  part  of  the  instrument  indi- 
cated approximately  whether  the  pressure  opening  was  normal  to  the 
l)ipe's  axis,  also  that  a  slight  divergence  did  not  produce  an  apprecia- 
bly different  result.  If  this  be  true,  the  usefulness  of  the  instrument 
is  materially  increased  by  avoiding  loss  of  time  in  delicate  adjustment 
at  each  ])oint  of  observation.     In  using  such  tubes  in  open  streams  or 
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jets,  vanes  may  serve  to  keep  the  opening  normal  to  the  current;  but  Mr.  Kulchlingr. 
as  thev  cannot  be  applied  in  the  case  of  a  2)ipe  under  pressure,  it  is 
important  to  know  what  effect  a  little  obliquity  prodiices. 

The  next  point  relates  to  the  marked  irregularity  of  many  of  the 
velocity  curves  for  currents  of  less  than  2  ft.  per  second  in  the  several 
pipes.  It  is  very  probable  that  these  irregularities  are  not  due  to 
lack  of  sensitiveness  or  accuracy  of  the  instruments,  but  to  a  constant 
shifting  of  the  position  of  the  water  filament  having  the  greatest 
velocity,  or  to  a  sjiiral  motion  of  the  same;  and  the  question  arises 
whether  simultaneoiis  observations  at  a  number  of  consecutive  cross- 
sections,  1  or  2  ft.  apart,  would  not  demonstrate  such  a  spiral  motion. 
In  this  event  it  would  follow  that  for  each  instant  of  time  the  true 
velocity  diagram  Avould  be  represented  by  a  regular  curve  having  its 
vertex  at  some  distance  to  one  side  of  the  axis  of  the  pipe,  instead  of 
by  the  irregular  figures  shown  in  the  drawings,  which  indicate  that 
the  successive  thin  cylindrical  shells  of  water  from  the  axis  outward 
have  alternately  greater  and  smaller  velocities. 

The  consideration  of  this  question  naturally  involves  the  accuracy 
of  all  gaugings  made  by  isolated  observations  of  the  velocity  at  diflFer- 
ent  points  in  the  cross-section  of  a  body  of  moving  water,  and  the 
method  that  should  be  piirsued  in  making  such  observations  in  order 
to  obtain  the  most  correct  value  of  the  computed  discharge.  In  a 
pipe  of  limited  diameter,  it  is  reasonable  to  presume  that  only  a  single 
filament  of  water  acquires  the  maximum  velocity,  and  that  all  contig- 
uous or  surrounding  filaments  or  cylindrical  shells  have  a  smaller 
velocity  which  gradually  decreases  the  nearer  they  approach  to  the 
sides  of  the  pipe.  Furthermore,  observation  of  small  immersed  and 
floating  objects  in  open  channels  of  uniform  section  and  moderate 
size  shows  that  when  the  current  is  not  rapid  their  motion  is  usually 
curvilinear  or  spiral;  hence,  analogously,  a  similar  motion  may  be 
presumed  to  exist  in  water  flowing  under  pressure  through  a  pipe. 

On  this  basis,  it  is  obvious  that  a  true  velocity  diagram  can  be  ob- 
tained only  by  making  a  relatively  large  number  of  observations 
simultaneously  in  the  same  cross- section;  but  as  such  n  jtrocedure  is 
impracticable,  it  follows  that  a  "  traverse  "  with  the  Pitot  tube  should 
be  made  as  quickly  as  possible.  It  is  of  interest,  therefore,  to  know 
the  best  attainable  speed  with  this  instrument,  the  least  number  of 
observations  consistent  with  accuracy,  and  the  probable  error  in  the 
discharge.  To  determine  these  matters,  other  experiments  will  doubt- 
less be  necessary,  and  reference  thereto  has  been  made  in  the  hope  of 
eliciting  from  the  authors  further  jmrticulars  concerning  the  manipu- 
lation of  an  instrument  which  has  heretofore  found  only  a  limited 
application  in  hydraulic  operations. 

It  also  follows,  from  the  foregoing,  that  if  the  low  mean  velocities, 
V,  deduced  from  the  observations  with  the  Pitot  tube  in  straight  line-s 
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.  Kuichling.  of  pipe  do  not  possess  a  liigh  degree  of  accuracy,  the  coiTesponding 
values  of  the  coefficient,  c,  in  the  Chezy  formula,  v  =  c  \/  R  S,  are 
equally  of  doubtful  value;  and  hence  the  law  of  variation  in  the  value 
of  c  for  diflferent  values  of  v,  exhibited  in  Table  No.  38  for  straight 
cast-ii-on  pipe,  is  not  firmly  established.  For  the  higher  velocities, 
on  the  other  hand,  the  data  are  much  more  satisfactory. 

With  respect  to  the  resistance  or  loss  of  head  in  curved  lines  of  pipe, 
the  experiments  indicate  eitherthattbe  teachings  of  our  standard  books 
on  hydi'aulics  are  erroneous,  or  else  that  the  results  of  former  observa- 
tions in  this  direction  have  not  been  rightly  interpreted,  as  the  conclu- 
sion reached  by  the  authors  is  directly  opposed  to  what  is  set  forth  in 
the  most  recent  treatises.  It  must  be  remembered,  however,  that  the 
authors'  experiments  are  limited  to  curves  of  90*^  deflection,  and  that 
similar  observations  on  other  degrees  of  curvature  are  necessary  before 
a  new  theory  of  curve  resistance  can  be  established.  The  problem  is 
complicated,  furthermore,  by  the  use  of  compound  curves  of  varying 
radii  to  make  the  given  deflection,  with  the  direction  of  flow  always 
from  the  flatter  to  the  sharjjer  curvature.  This  leads  at  once  to  the 
question  whether  the  resistance  would  be  the  same  if  the  direction  of 
the  current  were  reversed.  The  influence  of  the  joints  in  the  com- 
pound curves  also  requires  careful  study,  before  the  whole  of  the  ob- 
served loss  of  head  can  be  charged  to  curvature,  as  it  is  possible  that  a 
break  in  the  continuity  of  the  interior  surface  may  induce  a  consider- 

,  able  resistance. 

The  foregoing  remarks  are  submitted  without  the  intention  of  de- 
tracting in  the  slightest  degree  from  the  great  value  of  the  authors' 
work,  but  rather  in  the  hope  of  stimulating  their  interest  in  the  investi- 
gations which  they  have  undertaken,  and  evoking  further  contribu- 
tions from  them.  With  theii-  skill,  experience  and  ingeniously  devised 
appliances,  they  are  particularly  well  fitted  for  prosecuting  practical 
research  in  this  branch  of  hydraulics,  wherein  there  is  evidently  room 
for  much  advancement;  and,  hence,  the  speaker  earnestly  looks  for- 
ward to  the  presentation  of  future  papers  in  which  their  interesting 
work  will  be  continued. 

Mr.  Ferris.  Wai^tek  Fereis,  Esq.  (by  letter).— Aside  from  the  remarkable  con- 
clusions reached  by  the  authors,  one  of  the  most  striking  things  about 
this  paper  is  the  immense  amount  of  painstaking  labor  expended  in 
making,  verifying,  and  reducing  the  experiments.  In  this  case,  the 
expenditure  was  justified  by  the  importance  of  the  investigation  and 
the  results  obtained.  There  are,  however,  many  problems  in  measure- 
ment of  water  occurring  continually  in  the  practice  of  engineering, 
which  might  be  solved  by  the  methods  so  fully  illustrated  in  this 
paper,  but  that  the  labor  and  expense  involved  are  too  great  to  be 
incurred. 

A  glance  over  the  pages  of  the  paper  shows  that  a  large  part  of  the 
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work  consisted  in  calibrating  the  instruments  used,  especially  the  Pitot  Mr  Ff 
tubes.  It  is  the  writer's  object,  in  a  brief  discussion,  to  call  attention 
to  some  facts  relative  to  Pitot  tubes,  which  seem  to  indicate  that  the 
instrument  may  be  made  in  such  a  manner  as  to  require  no  calibration 
for  all  ordinary  work — that  is,  for  work  where  the  difference  between 
a  S%  error  and  a  2%  error  is  not  worth  a  great  deal  of  labor  and 
money. 

A  paper  on  the  Pitot  tube,*  by  Mr.  William  Monroe  White,  of  New 
Orleans,  should  be  read  by  all  who  are  interested  in  this  subject. 
From  his  experiments,  Mr.  White  draws  two  very  important  conclu- 
sions: (1)  The  head  shown  by  the  impact  opening  of  a  pair  of  Pitot 
tubes  is  not  affected  by  the  size  or  shape  of  the  impact  nozzle,  pro- 
vided that  it  be  a  shape  of  revolution,  such  as  a  cylindrical  tube  or  a 
converging  or  diverging  cone.     (2)  The  head  due  to  the  impact  tube  is 

always  exactly  equal  to  the  velosity  head,  ^.     If  the  instrument  as  a 

whole  shows  a  different  result,  it  is  due  to  suction  or  impact  at  the  static 
opening. 

These  results  are  qualified  by  the  fact  that  they  were  not  obtained 
under  pressure  in  a  closed  pips,  and  may  ijossibly  not  exactly  ajjply 
under  those  conditions.  In  the  discussion  of  Mr.  White's  paper,  the 
writer  cited  a  series  of  experiments  made  by  himself  which  seemed  to 
show  results  at  variance  with  these  conclusions;  Mr.  White,  however, 
has  pointed  out  a  possible  source  of  error;  and,  including  data  in  the 
paper  now  under  discussion,  the  weight  of  evidence  seems  to  be  that 
Mr.  White's  conclusions  do  apply  to  closed  pipes  under  pressure. 

If  the  impact  opening  of  a  pair  of  Pitot  tubes  shows  the  exact 
velocity  head  jjIus  the  static  head,  it  is  only  necessary  to  construct  the 
static  opening  in  such  a  manner  that  it  will  show  the  exact  static 
head.  The  reading  of  the  pair  of  tubes  connected  to  a  differential 
gauge  Avill  then  give  the  exact  velocity  head.  It  is  a  well-known 
fact,  especially  through  experiments  with  the  Venturi  meter,  that  a 
simple  drilled  hole  in  the  side  of  a  pipe,  normal  to  the  axis,  does 
show  the  static  head  correctly  within  4  or  5  per  cent.  That  is,  the 
head  shown  by  such  a  tube  is  equal  to  the  total  head  at  that  cross- 
section,  less  the  head  due  to  the  average  velocity  of  flow  through  the 
section.  As  this  static  opening  does  not  come  in  contact  with  the 
average  velocity,  but  with  a  much  smaller  velocity,  while  a  velocity 
higher  than  the  average  exists  at  the  center  of  the  pipe,  it  is  especi- 
ally noteworthy  that  it  indicates  the  average,  and  not  the  velocity  adja- 
cent to  itself. 

It  has  usually  been  thought  by  experimenters  that  a  vital  point  in 
making  an  accurate  Pitot  instrument  is  to  have  the  two  openings 
exposed  to  the  same  velocity.  Hence  the  openings  were  both  included 
*  Journal  of  the  Association  of  Engineering  Societies,  for  August,  1901. 
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Mr.  Ferris,  in  the  iustrument  inserted  into  the  How.  The  result  has  been  that 
almost  every  pair  of  tubes  has  a  coefficient  difiPerent  from  every  other 
pair,  and  rarely,  if  ever,  equal  to  unity.  The  variation  has  been  sup- 
posed to  be  mainly  due  to  variations  in  the  impact  opening. 

Turning  now  to  the  paper  under  discussion,  there  are  given,  in  Table 
No.  10,  the  mean  results  of  five  sets  of  experiments  with  five  difi'erent 
Pitot  tubes,  inserted  in  a  2- in.  pipe  under  a  head  of  about  65  ft.  In  all 
these  cases,  the  static  pressure  was  taken  from  a  chamber  surrounding 
the  pipe,  and  communicating  with  the  interior  by  four  holes,  -ca  in.  in 
diameter.  The  impact  nozzles  of  four  of  the  tubes  tested  were  shapes 
of  revolution,  and  all  these  tubes  have  coefficients  within  3%  of  unity. 
The  fifth  tube  had  an  impact  opening  of  i>eculiar  shape — a  round 
hole  in  a  knife-edge,  giving  a  notched  side  view — and  hence  the  head 
shown  by  this  tube  for  a  given  velocity  is  much  lower;  that  is,  its  coef- 
ficient is  higher. 

Assuming  that  the  velocity  figure  is  an  ellipsoid  of  revolution,  as 
believed  by  the  authors,  the  locus  of  mean  velocity  is  at  0. 745  r,  or 
about  three-fourths  of  the  distance  from  the  center  to  the  circumfer- 
ence of  a  circular  jiipe.  If  inserted  in  a  long  stretch  of  straight  pipe, 
a  Pitot  tube  constructed  as  indicated  (the  nozzle  a  shajje  of  revolution 
and  the  static  ojiening  in  the  side  of  the  pipe)  may  be  exjDected  to  give 
results  in  accordance  with  the  formula  v  ^^  W  2  ah  when  the  impact 
nozzle  is  on  this  mean-velocity  circle.  Or,  if  the  nozzle  is  on  the 
center,  the  true  mean  velocity  will  be  0.84  of  the  velocity  by  the 
formula,  or  the  true  velocity  head  will  be  0. 707  of  the  observed  head. 
The  safest  way  is  to  jDut  the  nozzle  on  center  if  no  traverse  is  to  be 
made,  as  a  slight  shifting  of  the  velocity  curve  will  cause  less  error. 

The  writer  does  not  think  it  essential  to  have  the  circumferential 
chamber  shown  in  Fig.  4.  A  single  tube,  ^  to  J  in.  in  diameter,  screwed 
into  the  side  of  the  pipe  and  filed  off  flush  inside,  is  probably  nearly  as 
accurate. 

From  the  foregoing  facts,  taken  in  connection  with  his  own  experi- 
ence in  making  such  observations,  the  writer  thinks  that  good  results 
may  be  obtained  with  a  simple  piece  of  ^  or  ^-in.  brass  tube,  bent  to 
face  the  flow  at  the  center  of  the  pipe,  and  a  simple  piezometer  open- 
ing in  the  side  of  the  same  cross-section.  These  should  be  connected 
to  an  air-gauge  {i.  e. ,  an  inverted  U-t^it)e  w  ith  compressed  air  in  the  top) 
as  described  in  the  paper,  for  mean  velocities  between  1  and  9  ft.  per 
second,  if  the  gauge  is  made  of  tubes  30  ins.  long.  For  mean  veloci- 
ties from  4  to  86  ft.  per  second,  the  same  gauge  may  be  turned  upside 
down  and  tilled  with  mercury.  In  this  case  the  connection  between 
the  tubes,  if  not  a  continuous  bend  in  the  glass,  should  be  of  steel, 
cast  iron,  or  copper,  to  resist  the  action  of  the  mercury.  If  a  long 
stretch  of  straight  pipe  is  not  obtainable,  the  impact  nozzle  should  be 
made  so  as  to  permit  traversing. 
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In  working  up  all  observations  for  measurement  of  flow,  it  is  well  >lr.  F^rri-.. 
to  remember  that  a  slide  rule  is  more  accurate  than  the  data  them- 
selves, and  saves  a  great  deal  of  labor  with  little  or  no  loss  of  accuracy. 
For  checking  results,  it  is  well  to  emphasize  still  further  the  benefit 
and  easy  appbcation  of  the  straight-line  diagram  so  extensively  used 
by  the  authors. 

E.  Sherman  Gould,  M.  Am.  Soc.  C.  E.  (by  letter).  — This  paper  and  Mr.  Oould. 
the  subsequent  discussions  thereon  are  so  voluminous  and  elaborate 
that  the  writer  is  frank  to  admit  that  he  has  failed  to  give  to  them 
that  critical  study  which  theii-  imjiortance  merits.  He  was  certainly 
startled  at  learning  that  actual  experiments  have  shown  resistance  to 
diminish  in  projjortion  to  the  diminution  of  the  radius  of  curvature, 
but,  if  his  somewhat  suiJerficial  examination  has  not  deceived  him  as 
to  the  conditions  of  the  experiments,  he  thinks  that  the  foregoing  is 
hardly  a  fair  way  of  putting  it.  His  understanding  of  the  case, 
which,  perhaps,  is  an  erroneous  one,  is  this:  It  was  found  that  if  a 
certain  length  of  pipe,  say,  for  instance,  2  000  ft.  (although  the  experi- 
ments wei'e  made  on  much  shorter  lengths),  was  made  to  change  its 
direction  through  90°,  its  resistance  to  flow  is  less  if  the  pipe  be 
divided  into  two  straight  lengths  of,  say,  990  ft.  each,  connected  by  20 
ft.  of  pipe  curved  to  a  radius  of  10  ft.,  than  if  the  whole  2  OOO  ft. 
were  thrown  into  a  single  curve,  of  which  the  radius  would  be  1  274  ft. 

Now,  it  must  be  borne  in  mind  that  these  two  diff"erent  dispositions 
of  pipe  could  not  be  used  to  join  the  same  two  points,  although  the 
length  of  pipe  would  be  the  same  in  both  cases.  In  the  case  of  the 
abrupt  bend,  the  distance  between  the  two  ends  of  the  pipe  in  a 
straight  line  would  be  about  1  400  ft. ;  and  in  the  case  of  the  easy 
curve,  it  would  be  about  1  800  ft. 

It  seems  to  the  -miter  that  the  practical  presentation  of  the  problem 
would  be  this :  Given,  two  points,  distant  from  each  other  on  a  straight 
line  1  400  ft.,  would  a  greater  delivery  be  secured  by  joining  them  with 
2  000  ft.  of  pipe  turned  in  the  middle  abruptly  through  90°,  or  by 
1  571  ft.  of  pipe  of  the  same  diameter,  laid  on  a  uniform  curve  of  1  000 
ft.  radius,  it  being  understood  that  the  two  tangents  in  both  cases 
should  be  at  right  angles  to  each  other?  The  water-supply  engineer 
would  not  be  long  in  making  his  decision.  But,  again:  should  he, 
preferably,  if  at  liberty  to  follow  any  line  he  pleased,  lay  his  pipe 
along  the  straight  line  1  400  ft.  long,  joining  his  two  fixed  points,  by 
using  a  sharp  bend  through  45°  at  each  end?  Probably  he  would 
consider  this  the  best  arrangement  of  all. 

The  writer  must  apologize  for  contributing  only  these  hastily 
written  lines  to  a  discussion  that  has  called  forth  so  much  mature 
thought,  his  object  being  to  suggest  that,  from  a  practical  point  of 
view,  the  question  is  not  so  much  how  best  to  bend  a  given  length  of 
pipe,  regardless  of  what  becomes  of  the  two  ends,  as  to  determine  the 
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Mr.  (Jouid.  best  way  to  join  two  given  points  from  whicli  are  laid  two  pipe  lines 
having  diflferent  directions.  He  thinks  that,  other  things  being  equal, 
the  practical  decision  will  always  be  in  favor  of  the  shortest  line! 

r.  Brincker-  H.  W.  Brinckekhopf,  M.  Am.  Soc.  C.  E.  (by  letter).— The  point 
^'^^'  of  greatest  interest,  to  most  persons  at  least,  is  to  be  found  in  Con- 
clusion K,  where  it  is  stated  that  "curves  of  short  radius,  down  to 
a  limit  of  about  2|  diameters,  oflfer  less  resistance  to  the  flow  of  water 
than  do  those  of  longer  radius."  This,  as  stated  by  the  authors,  is 
directly  opposed  to  all  received  theory  and  practice,  and  naturally 
demands  an  explanation,  which  the  authors  do  not  pretend  to  give. 

Let  us,  therefore,  consider,  first,  why  a  curved  pipe  should  oflfer 
any  greater  resistance  to  the  flow  of  water  than  does  a  straight 
pipe.  The  answer  is  to  be  found  in  the  efll:ect  of  the  centrifugal 
force  which  is  inseparable  from  the  passage  of  water  through  a  curved 
pipe.  By  this,  it  is  not  meant  that  the  pressure  due  to  the  centri- 
fugal force  increases  the  friction  on  the  side  of  the  pipe  furthest  from 
the  center  of  curvature  (which,  for  convenience,  will  hereafter  be 
called  the  convex  side),  because,  as  is  well  known,  the  friction  of 
water  against  the  inside  of  a  pipe  is  entirely  independent  of  the 
pressure.  The  eflfect  of  the  centrifugal  force  is  to  divide  the  flowing 
water  into  two  parts  having  opposite  spiral  motions.  This  absorbs 
energy  and  also  increases  the  velocity  of  the  water  in  contact  with 
the  pipe,  resulting  in  greater  friction  and  resistance.  To  understand 
how  this  eftect  is  produced,  let  it  be  conceived  that  the  curve  is  in  a 
vertical  jjlane  with  the  convex  side  \\p,  and  that  a  view  is  taken  at  a 
transverse  section  in  the  curve  a  short  distance  from  its  commence- 
ment. When  the  water  enters  the  curve  from  the  straight  pipe,  its 
greatest  velocity  is  at  the  center;  when  deflected  by  the  curvature,  a 
centrifugal  force  is  developed  in  all  parts  of  the  water  in  proportion 
to  the  square  of  the  velocity  of  each  part.  As  the  mean  velocity  is 
only  84%  of  the  maximum,  it  follows  that  the  centrifugal  force  of  the 
water  at  the  center  will  exceed  that  of  the  remainder  by  about  ^2%, 
on  the  average,  and  it  will,  by  virtue  of  that  superior  force,  be  driven 
toward  the  convex  side  of  the  pipe,  displacing  the  water  already  there, 
until,  in  approaching  the  pipe  surface,  the  friction  there  existing  will 
diminish  its  velocity  and,  in  even  more  rapid  ratio,  its  centrifugal 
force,  and  it  will  in  turn  give  jilace  to  the  more  rapidly -moving  water 
from  the  center.  Looking  now  at  the  transverse  section  which  has 
been  conceived,  the  water  in  the  center  will  be  seen  moving  contin- 
uously upward,  until,  reaching  the  inner  surface  of  the  pipe,  it  sepa- 
rates right  and  left  into  two  portions  which  flow  out,  down,  and  in 
around  the  main  body  of  water  to  meet  at  the  bottom  and  flow  up 
again  in  continuous  circuits.  If  the  pipe  were  transparent  and  the 
course  of  the  water,  as  viewed  from  one  side,  could  be  traced  by  some 
floating  particles,  the  water  at  the  center  would  be  seen  to  be  rising, 
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and  i^roceeding  with  ever  increasing  velocity  as  it  rose,  as  shown  in  Mr.  Brincker- 

Figs.  11  and  12,  until  it  neared  the  top  of  the  pipe;  when  it  would         ^°^' 

be  gradually  retarded  by  the  friction,  and  would  flow  out  and  down,  in 

long   spirals   of   gradually    diminishing  pitch,  to   again   rise  in  the 

center.     Now,  as  the  average  forward  velocity  of  the  water  must  in 

all  cases  be  the  same  (provided  the  area  of  the  pipe  is  unchanged),  it 

follows  that  this  spiral  motion  must  give  an  increased  actual  velocity 

to  the  water  ijroportional  to  the  secant  of  the  average  angle  which 

the  different  threads  of  the  stream  make  vnth  the  axis  of  the  pipe,  and, 

as  the  energy  of  a  moving  body  is  proportional  to  the  square  of  its 

velocity,    the    energy  absorbed   by  the  water  will  increase   in  even 

more  rapid  ratio. 

This  is  one  source  of  increased  resistance  on  cui-ves.  Another  is  to 
be  found  in  the  increased  friction  due  to  the  greater  velocity  with 
which  the  external  water,  owing  to  its  spiral  motion,  moves  over  the  sur- 
face of  the  pipe,  and  this  also  increases  as  the  square  of  the  velocity. 

Another  source  of  resistance  is  probably  to  be  found  in  the 
irregular  disturbance  of  the  water  at  the  points  where  the  spiral 
currents  separate  and  where  they  come  together  again.  As  it  is 
not  conceivable  that  these  ciu'rents  will  turn  at  sharp  right  angles 
where  they  meet  and  leave  the  walls  of  the  pipe,  there  must  exist  at 
those  points,  viewed  in  cross-section,  triangular  areas,  of  greater 
or  less  extent,  in  which  there  are  all  sorts  of  eddies  and  counter 
currents,  with  a  corresponding  absorption  of  energy  and  increase  of 
resistance. 

Fi'om  these  considerations,  it  would  seem  to  be  sufficiently  clear 
why  curvature  increases  the  resistance  to  the  flow  of  water  in  a  pipe. 
It  now  remains  to  see  what  relation  the  resistance  bears  to  the  radius 
of  curvature,  which  is  really  the  interesting  part  of  the  whole  ques- 
tion. The  centrifugal  force  in  a  unit  section  of  the  water  is  inversely 
as  the  radius,  but  the  length  of  time  that  the  centrifugal  force  acts 
upon  the  unit  of  section  is  directly  as  the  radius.  It  is  found  that 
the  energy  in  a  falling  body  is  proportional  to  the  square  of  the 
time  during  which  the  force  of  gravity  acts  upon  it,  and,  if  the 
same  reasoning  may  be  applied  to  the  case  in  hand,  it  will  be  found 
that  the  energy  of  the  spiral  motion  developed  in  a  unit  section  wUI 
be  directly  proportioned  to  the  length  of  the  curve,  and  hence  to  the 
radius  of  curvature.  The  resistance,  of  course,  will  be  in  a  similar 
ratio.  But  this  does  not  mean  that  the  energy  in  the  water  when  it 
leaves  the  curve  has  been  increased  by  an  amount  exactly  propor- 
tional to  the  length  of  the  curve,  for  miich  of  the  energy  will  be 
absorbed  as  fast  as  generated  by  the  increased  friction  on  the  internal 
surface  of  the  pipe  due  to  the  increase  of  the  superficial  velocity  by 
the  spiral  motion.  In  fact,  as  there  is  no  way  to  determine  the  pro- 
portion which  these  three  factors  of  resistance  bear  to  each  other,  it 
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Mr.  Brincker-  is  impossible  to  say  more  than  that  the  total  resistance  will  increase 
^°^'  in  some  i^roportion  to  the  length  of  the  curve,  that  is,  with  the 
radius  of  curvature.  The  diagram,  Fig.  90,  showing  the  relative 
excess  loss  of  head  in  curves  of  90°  in  80  diameters  length,  would 
seem  to  indicate  that  for  radii  above  10  or  15  diameters  the  resistance 
increases  almost  uniformly  with  the  length  of  the  radius,  and  very 
nearly  in  direct  proj^ortion  thereto,  plus  a  constant  of  about  25  per 
cent.  Below  a  radius  of  about  2^  diameters,  the  resistance  begins  to 
greatly  increase  in  inverse  proportion  to  the  radius.  This  may,  per- 
haps, be  in  part  accounted  for  by  a  material  change  in  the  condition 
of  the  flow.  With  a  very  short  radius  and  a  high  velocity  the  water 
may  leave  the  concave  side  of  the  pipe  altogether.  This  will,  to  that 
extent,  reduce  the  effective  section  of  the  waterway  and,  by  adding  to 
the  velocity,  increase  the  resistance;  and  if  the  space  should  be 
filled  with  a  turmoil  of  little  eddies,  as  is  likely  to  be  the  case 
with  high  pressures,  the  resistance  will  be  still  further  increased. 

Having  now  shown  the  probable  cause,  not  only  for  the  resistance 
on  curves,  but  also  for  the  increase  of  that  resistance  with  the  radius 
of  curvature,  it  remains  to  be  seen  if  any  means  can  be  devised  by 
which  that  excess  of  resistance  may  be  reduced.  Two  expedients 
will  suggest  themselves.  First,  to  increase  the  area  of  the  pijje  on 
curves  in  such  a  ratio  that  the  excess  of  energy,  due  to  the  increased 
velocity  of  the  sj^iral  motion,  shall  be  balanced  by  the  reduction  of 
energy  due  to  the  slower  forward  motion  of  the  water  as  a  whole.  This 
would  mean,  practically,  that  the  average  velocity  of  the  water  was 
not  changed,  but  that  it  advanced  in  sjsiral  lines  instead  of  in  lines 
parallel  to  the  axis  of  the  cui-ve.  As  the  sjjiral  motion  must  be  grad- 
ually produced,  and  probably  even  more  gradually  checked,  the 
enlargement  should  be  gradual  from  the  commencement  of  the  curve, 
and  the  reduction  should  also  be  gradual  from  the  termination  of  the 
cm-ve.  This  would  avoid  most  of  the  resistance  due  to  the  production 
and  absorption  of  energy.  If  the  enlargement  were  such  that  the 
spiral  velocity  remained  the  same  at  the  surface  as  in  the  straight 
pipe,  then  the  friction  would  be  increased  only  in  proportion  to  the 
diameter  of  the  pipe,  obviously  less  than  if  the  bore  were  not 
enlarged  at  the  curve.  The  third  cause  of  resistance,  the  little  groups 
of  eddies  at  the  convex  and  concave  sides  of  the  pipe,  could  be 
gotten  rid  of  by  simply  displacing  them  by  V-shaped  ribs  which 
would  gently  part  the  spiral  currents  and  as  gently  permit  them  to 
flow  together.  That  the  enlargement  at  the  curves  and  the  introduc- 
tion of  the  ribs  will  cause  some  reduction  of  resistance,  seems  alto- 
gether probable.  That  they  can  entirely  remove  it  is  altogether  im- 
probable, but  the  experiment  is  worth  trying,  and  experiment  alone 
can  determine  the  exact  form  and  size  of  the  section  of  least  resistance 
for  curved  pipes. 
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Edward  S.  Cole,  Esq.  (by  letter). — This  valuable  paper  has  been  Mr,  Cole, 
studied  by  the  writer  with  intense  interest,  as  it  describes  a  course  of 
experimental  research  similar  to  one  carried  on  by  him  independently 
during  almost  the  identical  period  of  time,  viz. :  OctoV)er,  1896,  to 
March,  1901,  with,  however,  two  years'  interruption  in  his  work,  dur- 
ing 1898  and  1899. 

In  1896  there  was  need  of  means  for  measuring  the  flow  of  water 
in  the  water-works  pipe  system  of  Terre  Haute,  Ind.,  for  which  John 
A.  Cole,  M.  Am.  Soc.  C.  E.,  was  consulting  engineer,  and  after  con- 
sidering the  use  of  the  Venturi,  the  Deacon,  and  the  ordinary  disc 
meters,  it  was  decided  that,  for  the  purposes  of  a  waste-water  survey, 
it  would  be  advisable  to  find  some  more  economical  method  of  meas- 
uring the  flow  of  water  in  pipes. 


>4  inside 
5^outside 

Fig.  IW. 

The  writer,  who  is  associated  with  Mr.  John  A.  Cole,  finally  acted 
on  a  suggestion  obtained  from  Professor  R.  C.  Carpenter's  work, 
"Experimental  Engineering,"  regarding  the  Pitot  tube,  as  applied  to 
water  mains. 

A  search  was  made  among  technical  i)apers,  etc.,  and  correspond- 
ence was  carried  on  with  hydraulic  engineers,  for  the  purpose  of 
ascertaining  what  had  been  done  by  others  in  this  field,  but  little  help 
could  be  found,  aside  from  descriptions  of  the  open-stream  form  of 
instrument,  by  Darcy,  in  the  Meinoires  of  the  Societe  des  Ing^nieurs 
Civils  de  France,  and  by  several  more  recent  investigators  in  open- 
stream  work. 
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Mr.  Cole.  The  writer,  therefore,  had  no  choice  but 
to  work  out  alone  the  many  little  details, 
which  at  first  presented  exceedingly  great 
difficulties,  especially  when  the  object  sought 
was  accuracy  at  the  lowest  possible  veloci- 
ties. 

Two  orifice  tubes  were  finally  adopted 
which  could  be  introduced  through  a  1-in. 
corporation  cock  by  means  of  a  special  cap, 
each  with  a  hook  bent  90°  and  provided  with 
a  "cut-water,"  as  shown  in  Fig.  104.  Many 
series  of  calibrations  were  made  with  orifices 
and  tubes  of  various  diameters,  but,  finally, 
a  choice  was  made  of  an  orifice  having  an 
internal  diameter  of  ^-in.,  made  of  common 
^-in.  brass  tubing,  fitted  to  ^-in.  tubes,  as 
shown  in  Fig.  104. 

It  was  found  that  an  orifice  and  tube  of 
this  size  gave  more  reliable  indications  at 
low  velocities,  and  that  there  was  less  trouble 
with  negative  readings  or  failure  to  return  to 
equilibrium  at  no  flow. 

A  glass  U-tube,  22  ins.  long  and  having  an 
internal  diameter  of  -1%  in.,  was  used  from  the 
first  with  excellent  results.  Connections  were 
made  with  J-in.  cloth-insertion  rubber  tubing, 
and  a  blow-off  was  located  at  the  top  of  eacb 
connection  to  remove  air.  It  was  found  that 
small  brass  pinch-cocks  were  best  adapted  to 
shutting  off  the  water  at  these  blow-off's,  and, 
in  fact,  after  repeated  failures,  it  was  decided 
'  that  no  form  of  ordinary  valve  was  at  all 
suitable,  owing  to  the  likelihood  of  the 
occuiTcnce  of  minute  seepage  or  leaks. 

The  lower  half  of  the  U-tube  was  filled 
with  a  mixture  of  carbon  tetrachloride  and 
gasoline,  with  a  specific  gravity  of  1.25  at 
ordinary  temperatures.  Careful  notes  were 
made  of  the  temperature  at  which  observa- 
tions were  taken,  and  temperature  correc- 
tions were  applied  where  found  necessary, 
although  in  some  places  the  specific  gravity 
changed  to  suit  the  temperature  at  which  the 
tests  were  being  made,  so  that  no  substantial 
correction  was  required.     The  object  was  to 
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Mr.  Cole. 


13         14         Hi 
Indies  Deflection  in  U-Tube  ( both  Trough  and  Pipe). 
Fig.  106. 


Si         24 
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Mr.  Cole. 


Velocity  at  Orifices,  in  Feet  per  Second. 

(by  floala  over  20-ft.  course,  in  open  trough.) 
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Mr,  Cole,  maintain  uniformly  a  dififerential  effect  within  the  U-tube,  equivalent 
to  four  times  the  simple  water  head.  This  ratio  of  4  to  1  in  the  man- 
ometer was  used  in  all  the  calibrations,  and  was  found  most  convenient 
for  the  range  of  velocities  used. 

In  order  to  obtain  a  rating  of  the  Pitot  tube,  a  series  of  standard 
cast-iron  water  jjipes  was  placed  in  line  and  i^rovided  with  a  supply  of 
water  from  a  reservoir  giving  a  constant  pressure  of  approximately  10 
lbs.  The  discharge  was  measured  over  carefully  calibrated  rectangular 
weirs,  and  means  were  provided  for  regulating  the  flow  through  the 
line  of  pipes.  In  this  way  many  series  of  experiments  were  made, 
comjiaring  the  deflection  of  the  U-tube  at  the  center  of  the  pipe  with 
the  discharge,  as  shown  by  the  weir  for  each  of  the  various  sizes  of 
pipe  tested. 

The  general  plan  of  the  piping,  with  the  various  connections,  and 
the  location  of  the  several  Pitot  tubes,  is  shown  in  Fig.  105,  the 
tubes  being  inserted  at  the  mid-length  of  each  size  of  pipe,  a  blow-off 
cock  being  placed  at  A  to  insure  the  removal  of  all  air  from  the  top  of 
the  12-in.  pipe,  which  was  the  highest  point  in  the  line. 

Fig.  106  shows  five  of  a  long  series  of  caHbration  curves  which  were 
obtained  on  this  and  other  lines  of  pipe.  It  should  be  remarked  that 
the  deflections  in  the  JJ-tube  plotted  on  these  curves  are  averages  of 
the  vibrations  noted  in  the  tube  during  each  flow,  which  continued  for 
about  5  minutes,  the  weir  flow  being  observed  simultaneously. 

Fig.  107  shows  the  rating  of  the  standard  form  of  Pitot  tube  in  a 
long,  open  trough,  the  tube  being  inserted  upward  through  the  bot- 
tom of  the  trough,  with  orifices  located  about  ^  in.  below  the  surface 
of  the  running  stream.  The  velocity  of  the  water  was  taken  carefiilly 
by  means  of  floats,  and  plotted  directly  with  the  observed  deflections 
of  the  U-tube. 

This  diagram  shows  the  calibration  curves  of  a  tube  with  i-in. 
orifices  and  also  with  re-in.  orifices.  They  have  been  plotted  side  by 
side  to  show  the  variation  in  the  coeflScient.  The  cui-ve  of  the  l-iu. 
instrument  has  been  adopted  as  the  standard;  this  instrument  being^ 
that  with  which  the  various  pipe  calibrations  were  made. 

The  open-stream  calibration  curve  determines  the  absolute  velocity 
at  the  orifice,  wherever  it  may  be  located  within  a  pipe,  and  use  has 
been  made  of  this  curve  to  plot  a  series  of  traverse  surveys,  as 
exhibited  in  Figs.  108  and  109. 

Special  study  has  been  made  as  to  the  ratio  of  mean  to  center 
velocity  within  the  pipes  calibrated,  and  the  results  of  these  investi- 
gations are  somewhat  at  variance  with  the  authors'  Conclusion  C.  In 
the  writer's  work  the  ratio  of  mean  to  center  velocity  is  not  constant 
for  pipes  of  aU  sizes,  though  it  may  be  for  various  velocities  in  the  same 
pipe.  A  few  examples  have  been  taken  from  the  accompanying  cali- 
bration curves,  with  the  computed  ratios,  for  the  purpose  of  illustrat- 
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Mr.  Cole. 


VARIATION  OF  VELOCITY 

ACROSS  12  ANO  16  -IN.  PIPES  ON  HORIZONTAL  AND  VERTICAL  DIAMETERS, 
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Mr.  Cole,  ing  this  point  (see  Fig.  110).  The  ratios  of  the  mean  to  the  center 
velocities  are  sho-mi  in  Table  No.  69. 

Attention  should  be  called  to  the  fact  that,  in  the  pipes  calibrated, 
the  4,  6  and  16-in.  pijjes  were  new,  while  the  12-in.  had  been  in  use  for 
some  years,  and  was  slightly  tuberculated. 

The  diameters  of  these  pipes  were  taken  before  putting  them  in 


1.5  :.'.o  ~'.5  3.0 

Center  Velocity  Vc 

Fig.  110. 


place,  but  no  correction  for  the  slight  deviation  from  the  standard 
diameter  was  made  in  this  work. 

It  may  be  of  interest  to  add  here,  that  considerable  time  was  spent 
in  perfecting  a  recording  device  for  this  instrument.  It  was  found  that 
photography  was  the  only  practicable  means  of  registering  continu- 
ously the  deflections  in  the  U-tube.     Plate  VIII  shows  the  recording 
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The  Photo-Pitometer. 
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instrument,  wliich,  for  lack  of  a  better  name,  has  been  called  the  Mr.  Cole, 
photo-pitometer.  This  instrument  combines,  upon  one  photographic 
diagram,  a  record  of  the  static  variations  within  the  pipe,  with  a  record 
of  the  U-tube  deflections,  the  latter,  of  necessity,  being  half-deflections 
as  shown  on  the  U-tube.  The  instrument  has  shown  itself  capable  of 
producing  a  good  continuous  record  upon  ordinary  Velox  paper, which 
is  convenient  for  this  use. 


TABLE  No.  69.  — Ratios  of  Mean  to  Centek  VEiiOCiTY. 


Deflection. 

Gallons  per  24 
hours. 

Mean  velocity. 

Center  velocity. 

Approximate 
ratio  of  mean  to 
center  velocity. 

4  ins 

17   " 

100  000 
200  000 
220  000 

237  000 
404  000 
540  000 

655  000 

960  000 

1215  000 

740  000 
1  110  000 
1  375  000 

4-In.  Pipe. 

1.79 
3.57 
3.92 

6-In.  Pipe. 

1.87 
3.17 
4.26 

12-lN.  Pipe. 

1.29 
1.89 
2.37 

16-lN.  Pipe. 

0.82 
1.23 
1.53 

1.85 
3.85 
4.30 

1.85 
3.20 
4.43 

1.33 
2.07 
2.60 

0.95 
1.46 
1.85 

0.965 
0.93 

21    •• 

0.91 

4  ins 

1.01 

12    "    

0.99 

22    " 

0.96 

2  ins 

0.97 

5    '• 

0.91 

8   " 

0.91 

lin 

0.86 

2Jins 

O.W 

0.83 

Notches,  in  the  slit  through  which  the  light  passes  on  its  way  to 
the  paper,  are  so  located  that  they  produce  horizontal  rulings  upon 
the  record,  corresponding  to  the  calibrated  deflections  taken  from  the 
curves.  The  combination  of  static-pressure  variation  with  velocity  is  a 
useful  feature  of  this  instrument,  as  it  aids  in  interpreting  the  cause 
of  any  given  variation  in  the  flow. 

During  the  winter  of  1900-1901,  the  writer  was  ably  assisted  by 
Messrs.  C.  B.  Burdick  and  T.  C.  Phillips,  to  whom  acknowledgments  are 
due  for  their  assistance  in  the  experimental  work,  and  to  John  A.  Cole, 
M.  Am.  Soc.  C.  E.,  for  providing  the  opportunity  for  these  interesting 
but  expensive  studies. 

E.  E.  Haskeli.,  M.  Am.  Soc.  C.  E.  (by  letter).— The  authors  are  Mr.  IlaskelL 
certainly  deserving  of  great  credit  for  the  great  number  of  new  data 
contained  in  this  valuable  paper.  A  feature  of  it  which  has  particu- 
larly appealed  to  the  writer  is  the  rating  of  the  Bitot  tubes,  this  being 
akin  to  the  rating  of  current  meters.  E.  C.  Murphy,  Assoc.  M.  Am. 
Soc.  C.  E. ,  in  his  discussion  has  pointed  out  the  wide  range  of  values 
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Mr.  Haskell,  of  the  coefficient,  M,  of  any  tube  when  rated  in  the  tank.  The  criticism 
the  writer  would  offer  on  this  method  of  rating  is,  that  the  tube  had 
to  travel  a  curved  path,  and  that  the  volume  of  water  used,  or  cross- 
section  of  the  tank,  was  too  small. 

Believing  that  this  still -water  method,  which  is  generally  that  used 
in  rating  current  meters,  was  worthy  of  further  consideration,  the 
writer  obtained  permission  from  Major  W.  L.  Fisk,  Corps  of  Engineers, 
"D.  S.  A.,  M.  Am.  Soc.  C.  E. ,  in  charge  of  the  United  States  Lake  Sur- 
vey, to  experiment  with  a  tube  in  connection  with  the  rating  of  some 
the  Survey  current  meters.  C.  W.  Hubbell,  Assoc.  M.  Am,  Soc.  C.  E., 
Engineer  to  the  Board  of  Water  Commissioners  of  Detroit,  kindly 
loaned  Tube  A,  with  Gauge  No.  4,  used  by  the  authors,  and  it  was 
rated,  with  the  results  given  in  Table  No.  70. 

TABLE   No.    70. — Reduction   of  Obseevations  of  Pitot    Tube    A 
Made  at  Detroit,  Mich.,  August  14:TH,  1901. 


Xo.  and    Duration 
direction  of  run,  in 
of  runs,     seconds. 

j 
(1)       '       (3^ 

Velocity 
head,  in 
inches. 

(3) 

U 

True 

velocity, 

in  feet 

per 
second. 

(*) 

Veircity  I^"«-|^ 
by  Pitot     coeffl- 
tube,  m     cient  of 
feet  per       pj^t 
second.       ^y^ 

(3)             (6) 

Ratio  i^, 

F' 

for  pairs 

of  runs. 

V. 

(8) 

V  V. 

(9) 

IS 

2N 

3S 

4N 

5S 

6N 

7S 

8  N 

9S 

ION 

lis 

12  N 

13  S 

14  N 

15  S 

16N 

17S 

18N 

19S 

20N 

21  S 

22N 

28S 

24N 

25S 

a6N 

,5. 

136 

112 

93 

72 

80 

81 

74 

140 

112 

216 

185 

286 

313 

148 

137 

92 

94 

152 

133 

66 

63 

117 

107 

62 

74 

1.03 
1.51 
1.98 
2.85 
4.56 
4.03 
3.51 
4.82 
1.15 
2.24 
0.49 
0.71 
0.27 
0.26 
1.10 
1.34 
2.85 
2.87 
1.07 
1.48 
5.29 
6.10 
1.90 
2.24 
6.00 
4.96 

1.99 
2.21 
2.^ 
3.23 
4.17 
3.75 
3.57 
4.05 
2.14 
2.68 
1.39 
1.62 
1.05 
0.96 
2.03 
2.19 
3.26 
3.19 
1.97 
2.26 
4.55 
4.76 
2.56 
2.80 
4.84 
4.05 

2.35 
2.85 
3.26 
3.91 
4.95 
4.65 
4.34 
5.09 
2.48 
3.47 
1.62 
1.95 
1.20 
1.18 
2.43 
2.68 
3.91 
3.92 
2.40 
2.82 
5.33 
5.72 
3.19 
3.47 
5.67 
5.11 

0.847  ( 
0.775  (■ 
0.822  1 
0.826  (■ 
0.842/ 
0.806  »■ 
0.823  1 
0.796  f 
0.863) 
0.772  (" 
0.858 » 
0.831  f 
0.875  1 
0.905  f 
0.835  1 
0.817  i" 
0.834) 
0.814  f 
0.821  ( 
0.801  f 
0.854) 
0.832  1" 
0.803) 
0.807  (■ 
0.854) 
0.875  (■ 

0.811 
0.824 
0.824 
0.820 
0.818 
0.844 
0.890 
0.826 
0.824 
0.811 
0.843 
0.805 
0.864 

-0.020 
-0.007 
—0.007 
-0.011 
-0.013 
-1-0.013 
+0.059 
—0.005 
-0.007 
-0.020 
+0.012 
—0.026 
+0.033 

0.000400 
0.000049 
0.000049 
0.000121 
0.000169 
0.000169 
0.003481 
0.000025 
0.000049 
O.OOMOO 
0.000144 
0.000676 
0.001089 

0.831 

0  006821 

Probable  error  (pairs)  =  0.6745  V 


n(n  — 1) 


^0.6745  V-M2682L^^ 
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The  observations  for  this  ratiog  were  made  in  the  canal  at  the  Mr.  Hftah-ftP. 
Detroit  Water- Works  by  drawing  the  tube  attached  to  a  boom  in  front 
of  a  rowboat  over  a  300-ft.  course,  at  velocities  varying  from  0.96  to 
4.84  ft.  per  second,  as  indicated  in  Column  4. 

The  canal  is  an  arm  of  the  Detroit  River,  running  approximately  at 
right  angles  to  it,  several  hundred  feet  long,  about  45  ft.  wide  and  14  ft. 
deep,  and  has  vertical  sides.  The  canal  is  open  to  the  river,  and  had  no 
current  in  it  except  that  caused  by  a  change  of  stage  of  water  in  the 
river,  which  was  j^erceptible  at  times  in  the  course  of  theol)servations. 
To  eliminate  the  effect  of  this  current,  the  runs  were  made  alternately 
forward  and  back,  as  shown  in  Column  1.  For  a  guide  for  directing 
the  boat,  a  No.  12  telegraph  wire,  about  600  ft.  long,  was  stretched 
taut,  with  block  and  tackle,  over  the  center  line  of  the  canal,  about  2^ 
ft.  above  the  surface  of  the  water.  A  fair-sized  rowboat,  of  good  model, 
was  fitted  with  a  guide  at  both  bow  and  stern  for  sliding  along  this 
wire,  and  also  with  a  boom  projecting  far  enough  over  the  bow,  so  that 
the  tube,  with  its  point  about  3  ft.  below  the  surface  of  the  water,  could 
be  carried  in  a  vertical  position  about  6  ft.  in  front  of  the  boat.  The 
gauge  was  placed  in  a  vertical  position  near  the  center  of  the  boat,  and 
was  convenient  for  the  observer  to  read.  The  base  of  300  ft.  was  marked 
off  by  wires  stretched  across  the  canal,  leaving  approximately  150  ft. 
at  either  end  for  obtaining  the  jiroper  speed  for  an  observation  and 
for  stopping  the  boat  after  the  run  was  completed.  The  two  water 
columns  of  the  gauge  were  read  at  intervals  of  about  5  seconds,  the 
number  of  readings  varying  from  12  to  60,  depending  upon  the  dura- 
tion of  the  run.  In  reducing  the  observations,  the  mean  of  the  read- 
ings taken  on  any  one  run  was  taken  as  the  mean  velocity  head  for 
that  observation. 

Table  No.  70  gives  a  tabulation  of  the  runs,  their  respective  true 
velocities  U,  Pitot  tube  velocities  V,  the  tube  coetficient,  and  the  prob- 
able error,  considering  the  observations  combined  in  pairs. 

This  rating  is  also  shown  giaphically  in  Fig.  Ill,  the  point  C  indi- 
cating the  center  of  gravity  of  all  the  observations,  the  point  A  the 
center  of  gravity  of  the  observations  above  C,  and  the  point  li,  the 
center  of  gravity  of  the  observations  below  C.  The  point  C  falls  on 
the  straight  line,  B  A,  the  equation  of  which  is,  U  =^  1.199  F-f  0.545. 

The  observations  for  this  rating  were  made  by  Mr.  W.  Edward 
Wilson,  Recorder,  United  States  Lake  Survey,  practically  on  a  first 
trial.  The  result  is  very  gratifying,  and,  to  the  writer,  it  seems  to  be 
strong  evidence  of  the  value  of  this  method  of  rating. 

George  Y.  Wisner,  M.  Am.  Soc.  C.  E.,  in  his  discussion  of  this  paper, 
makes  some  very  pertinent  remarks  upon  this  subject  of  rating  tubes 
and  current  meters,  for,  generally  speaking,  the  writer's  experience 
with  current  meters  has  been  that  engineers  are  not  careful  enough 
upon  this  point,  nor  do  they  take  as  good  care  of  their  instiiiments  as 
they  should.     The  writer  cannot  share  Mr.  Wisner's  views  in  regard  to 
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Mr.  Haskell,  the  rating  of  current  meters  in  still  water,  however,  and  submits  the 
following  observations  for  consideration.  In  June,  1890,  Direction- 
Current  Meter  No.  3,  belonging  to  the  Coast  and  Geodetic  Survey,  was 
rated  by  the  writer,  and  the  observations  with  their  reduction  are 
given  in  Table  No.  71.  This  rating  is  also  shown  graphically  in  Fig.  111. 
Shortly  after  this  rating,  a  test  for  accuracy  of  velocities  measured 
with  this  meter  was  made,  under  the  direction  of  Dr.  T.  C.  Mendenhall, 
then  Superintendent  of  the  Survey,  by  measuring  the  same  current 
with  it  and  with  floats.  This  test  was  made  in  Vineyard  Sound  from 
the  Coast  Survey  Steamer  Blake.  For  an  observation,  the  meter  was 
run  ten  minutes,  and  the  resulting  mean  velocity  was  compared  with 
the  mean  velocity  given  from  the  number  of  floats  that  could  be  run 
in  this  interval  of  time. 

TABLE  No.  71 — Reduction  of  Observations  foe  Hating  Dii{ection 
CuKKENT  Meter  No.  3;  Made  at  New  York,  N.  Y.,  June  10th,  1890. 


2  . 
o  a 

to 

§ 

"a 

to 

Si 
13 

°.2 
^2. 

a 

i! 

xy 

x^ 

V. 

V  V. 

Remarks. 

E 

3 

1 

II  o. 

6 

;z; 

H 

SSffi 

Ji 

o 
o 

118 

396.25 

0.505 

0.298 

0.150 

0.088 

0.495 

4-0.010 

0.0001 

Length      of 

126 

340.50 

0.587 

0.370 

0.217 

0.137 

0.571 

+0.016 

0.0003 

base  =  200 

134 

293.25 

0.682 

0.457 

0.312 

0.209 

0.662 

+0.020 

0.0004 

ft. 

151 

222.00 

0.901 

O.fiSO 

0.613 

0.462 

0.894 

+0.007 
+0.019 

0.0000 

149 

219.00 

0.913 

0.680 

0.621 

0.462 

0.894 

0.0004 

158 

214.75 

0.931 

0.736 

0.685 

0.542 

0.953 

—0.022 

0.0005 

Meter   5   ft. 

153 

212.50 

0.941 

0.720 

0  678 

0.518 

0.936 

+0.005 
+0.003 

0.0000 

in  front  of 

155 

203.00 

0.985 

0.764 

0.752 

0.584 

0.982 

0.0000 

bow         of 

159 

201.00 

0  995 

0.791 

0.787 

0.626 

1.010 

—0.015 

0.0002 

boat  and  2 

163 

165.00 

1.212 

0.988 

1.197 

0.976 

1.216 

—0.004 

0.0000 

ft.    under 

170 

143.75 

1.391 

1.183 

1.645 

1.399 

1.419 

— 0.02,S 

0.0008 

surface  of 

175 

97.50 

2.051 

1.837 

3.76b 

3.375 

2.102 

—0.051 

0.0026 

water. 

174 

93.75 

2.133 

1.H56 

3.959 

3.445 

2.122 

+0.011 

0.0001 

178 

88.00 

2.273 

2.023 

4.597 

4.093 

2.296 

—0.023 

0.0005 

177 

79.00 

2.532 

2.241 

5.672 

5.022 

2.524 

+0.008 

0.0001 

179 

66.25 

3.019 

2.702 

8.157 

7.301 

3.005 

- -0.014 

0.0002 

178 

65.50 

3.053 

2.718 

8.298 

7.388 

3.022 

+0.031 

0.0010 

180 

58.00 

3.448 

3.104 

10.702 

9.635 

3.425 

+0.023 

0.0006 

182 

42.50 

4.706 

4.282 

20.152 

18.336 

4.654 

- -0.052 

0.0027 

183 

41.50 

4.819 

4.410 

21.252 

19.448 

4.788 

- -0.031 
- -0.006 

0.0010 

184 

41.50 

4.819 

4.434 

21.367 

19.660 

4.813 

0.0000 

185 

89.00 

5.128 

4.744 

24.326 

22.506 

5.137 

—0.009 

0.0001 

186 

37.50 

5.333 

4.960 

26.453 

24.602 

5.362 

—0.029 

0.0008 

187 

33.00 

6.061 

5.667 

34.343 

.32.115 

6.100 

—0.039 

0.0015 

187 

32.50 

6.154 

5.754 

35.408 

33.109 

6.191 

—0.037 

0.0014 

186 

27.50 

7.273 

6.764 

49.190 

45.752 

7.246 

-1-0.027 

0.0007 

187 

27.50 

7.273 

6.800 

49.455 

46.240 

7.283 

—0.010 

0.0001 
0.0161 

" 

80.118 

71.963 

334.756 

308.030 

n  —  number  of  observations  : 
2  (r-)  a  +  2  (X)  6  =  S  (.r  y) 
rpu  li-  ^  (•*")  «  +   n  6  =  2  (y). 

ihe  resultmg  equations  for  determining  a  and  6  are: 
30.030  a  +  71.963  b  =  334.7.56 
„„i*i,         ,  .,  71.963 «+ 27  6       =    80.118 

and  the  values,  with  their  probable  errors,  are- 
a  =  1.044  +  0.0115 
6  =  0.184  ±  0.0053. 
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Mr.  Haskell. 
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Ut.  Haskell.        The  results  of  the  test  were  as  follows,  the  velocities  being  expressed 
in  feet  per  second. 

Float.  Meter. 

1.04 1.05 

1.29 1.28 

1.55 1.55 

1.94 1.96 

2.56 2.59 

2.65 2.64 

2.76 2.74 

2.80 2.82 

3.08 3.11 

Other  tests  might  be  offered,  but  this  one  is  probably  sufficient  for 
the  present  discussion. 

-  The  writer's  exj)erience  with  meters  of  the  propeller-wheel  type  has 
been  such  as  to  give  him  perfect  confidence  in  the  results  obtained 
with  them,  if  the  meters  have  been  used  by  a  careful  observer,  have 
been  carefully  rated  in  still  water  of  considerable  area  and  good  depth, 
and  have  been  well  cared  for.  He  firmly  believes  that  the  method  of 
still- water  rating  on  a  long  straight-away  course  will  be  found  well 
suited  to  the  Pitot  tube. 
Mr.  Fisher.  "Wagek  Fisher,  Jun.  Am.  Soc.  C.  E.  (by  letter). — Mr.  Wisner 
raises  a  question  as  to  the  effect  of  capillarity  on  the  accuracy  of  differ- 
ential gauge  readings.     He  says: 

"  It  is  a  well-known  princiisle  that  capillarity  will  cause  water  in 
small  tubes  to  stand  higher  than  in  the  reservoir-  with  which  connected. 
This  being  the  case,  at  what  diameter  of  tube  does  this  effect  become 
suflScient  to  affect  materially  the  results  of  the  observations?  " 

The  writer,  in  the  spring  of  1899,  at  Cornell  University,  with  spe- 
cially designed  apparatus,  and  under  the  direction  of  Gardner  S.  Will- 
iams, M.  Am.  Soc.  C.  E. ,  made  a  series  of  observations  on  tubes 
ranging  in  diameter  from  0.07  to  0.84  in.,  over  differences  in  head  from 
zero  to  2J  ft.  The  complete  data  are  on  file  with  the  College  of  Civil 
Engineering,  at  Ithaca,  N.  Y. 

The  experiments  showed  that  in  measuring  changes  of  level  in  and 
between  reservoirs  of  glass  7|  ins.  and  5  ins.  in  diameter,  respectively, 
to  which  gauges  of  large  and  small  bore  were  connected  for  the  purpose, 
the  results  were  always  identical;  notwithstanding  the  fact  that  in  the 
small  tubes  capillarity  made  the  water  column  stand  as  much  as  |  in. 
above  its  source,  yet  any  difference  of  level  between  reservoirs  was 
represented  by  precisely  the  same  difference  between  the  gauge  read- 
ings on  the  water  cohimns  in  the  glass  tubes.  In  fact,  it  was  shown 
that  dirt  and  individual  peculiarities  of  tubes  jDroduce  far  greater 
errors  than  any  supposed  errors  due  to  capillarity,  should  they  be 
discoverable. 

The  same  line  of  experiments  was  extended  to  differential  gauges  in 
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whicli  oil  was  used  to  magnify  tlie  diflference  of  head,  and  precisely  Mr.  Fisher, 
similai-  results  were  secured. 

As  to  the  accuracy  of  the  observations  made,  it  is  proper  to  state 
that  a  cathetometer,  with  telescope,  reading  to  -ru~oo  cm.,  was  used  to 
measure  the  heights  in  the  reservoirs  and  tubes. 

It  may  be  said,  therefore,  that  a  difference  of  head  of  1  ft.  indicated 
by  a  tube  having  an  interior  diameter  of  y^  in.  indicates  an  actual  differ- 
ence of  1  ft.  of  head  in  the  reservoir. 

Robert  E.  Hoeton,  Esq.  (by  letter). — This  paper  constitutes  an  Mr.  Horion. 
important  contribution  to  the  technique  of  hydraiilic  measurement. 
A  small  class  of  New  England  engineers  was,  perhaps,  familiar  with 
the  uses  of  the  Pitot  tube  as  an  instrument  of  j^recision.  Most  of  the 
profession,  it  is  believed,  were  hitherto  inclined  to  look  upon  it  as  a 
scientific  toy.  Those  who  have  read  this  paper  may  differ  in  opinion  as 
to  the  range  of  legitimate  application  of  the  Pitot  tube  in  jjractice.  To 
the  writer,  its  scope  of  usefulness  seems  to  be  a  naiTOW  one,  in  fact,  is 
almost  limited  to  the  purpose  for  which  the  authors  of  the  paper  have 
ai3plied  it,  viz. ,  determining  the  flow  in  2>ipe  lines  and  small  closed  con- 
duits or  penstocks,  in  cases  where  an  open-channel  measurement,  at 
either  end  of  the  conduit,  by  weir,  current  meter,  or  other  means  is 
impracticable.  In  this  way,  it  may  be  applied  to  determining  the  fric- 
tion head  in  jjipes  and  penstocks,  or  the  loss  of  head  due  to  bends, 
specials,  or  gate-valves.  These  are  all  points  on  which  a  great  deal  of 
additional  information  is  desired. 

The  difficulties  attendant  ujDon  the  use  of  the  Pitot  tube  are  very 
great,  as  has  been  clearly  set  forth  by  the  authors,  and  so  many  opera- 
tions are  required,  in  reducing  the  data,  as  to  discourage  its  use  in  all 
cases  where  simpler,  if  less  scientific  or  precise,  means  can  be  resorted 
to.  The  tube  "point  "  must  be  of  standard  form,  othei^wise,  known 
calibration  coefficients  will  not  apply.  The  pii)e  or  conduit  should  be 
of  precisely  equal  diameters  at  both  points  of  measuring  the  head. 
If  oil  is  used,  the  coefficients  for  reducing  the  tube  readings  are  not 
directly  proportional  to  the  specific  gravity  of  the  two  fluids  used,  but 
must  be  separately  determined  by  elaborate  experiments.  The  use  of 
long  hose  connections,  especially  those  of  small  diameter,  is  undesir- 
able on  account  of  the  great  difficulty  of  becoming  perfectly  sure  that 
the  hose  and  connections  are  entirely  free  from  entrained  air. 

The  authors  deserve  great  credit  for  their  endeavor  to  place  before 
engineers  the  necessary  data  for  reducing  Pitot  tube  measurements 
when  made  under  suitable  or  standard  conditions.  They  have  made 
the  Pitot  tube  available  for  use  in  the  class  of  cases  above  described 
where  all  other  methods  fail. 

It  is  interesting  to  compare  the  Pitot  tube  with  the  current  meter; 
the  former  instrument  being  applicable  to  closed  and  the  latter  to  open 
channels. 
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1.  Both  are  used  to  determine  the  velocity  of  flow  in  a  large 
number  of  small  elements  of  the  cross-section  to  be  measured;  the 
volume  of  flow  being  obtained  by  summation  of  the  elementary  dis- 
charges. 

2.  The  current  meter  determines  the  existing  velocity  directly. 
The  Pitot  tube  indicates  the  head  produced  by,  or  required  to  produce 
the  existing  velocity. 

3.  The  current  meter  (of  the  "  Price  "  variety)  indicates  the  velocity 
of  flow  correctly  only  when  its  axis  is  parallel  to  the  thread  of  the  cur- 
rent.* The  Pitot  tube  indicates  the  statical  head,  or  statical  and 
velocity  heads  combined,  according  as  the  axis  of  the  orifice  is  normal 
to  or  parallel  with  the  flow  of  the  current. 

4.  The  current  meter  has  been  shown  to  give  difi:erent  results  when 
held  rigidly  in  the  current  than  when  allowed  freedom  to  move  in  one 
or  more  directions.  It  is  believed  that  the  rigidity  with  which  the 
Pitot  is  held,  especially  in  flowing  water  containing  swirls  or  imiDulses, 
will  affect  the  result  in  some  degree. 

5.  The  current  meter  indicates  the  velocity  of  the  passing  water 
regardless  of  its  direction  of  flow.  In  deep  or  turbid  water,  where  the 
meter  is  invisible,  a  direction  indicator  may  be  applied.!  In  cross- 
currents or  eddies  the  Pitot  tube  fails  to  indicate  correctly,  either  the 
direction  or  velocity  of  the  water.  This  appears  to  the  writer  to  con- 
stitute one  of  the  chief  difliculties  in  its  use. 

6.  The  authors  have  shown  the  rating  coefficient  of  the  Pitot  tube 
to  have  different  values  when  drawn  through  still  water  and  when  cali- 
brated in  floTsing  water.  Kecent  experiments  indicate  that  the  same 
may  be  true  of  the  current  meter.  Practically  all  flowing  water,  espe- 
cially in  small  pijjes  and  channels,  appears  to  contain  a  certain  amount 
of  what  might  be  termed,  "internal  motion,"  consisting  of  small 
swirls,  eddies  or  vortices.  The  effect  upon  an  instrument  inserted  to 
determine  the  velocity  has  been  described  as  being  what  would  result 
if  the  water  moved  in  indej^endent  "chunks."  When  rated  in  still 
water,  the  current  meter,  or  Pitot  tube,  does  not  encounter  these  swirls 
or  eddies. 

The  authors  conclude  that  the  transverse  curve  of  velocity  in  the 
pipes  upon  which  they  experimented  has  the  form  of  an  ellipse.  In 
this  connection,  it  may  be  well  to  consider  further  the  nature  and  effect 
of  the  so-called  internal  motion  of  the  water.  In  a  closed  pipe  or  con- 
duit, the  velocity  of  the  particles  around  the  circumference  is  retarded 
by  friction.  These  in  turn  retard  their  neighbors  next  inside,  and  so 
on  to  the  center  of  the  pipe  or  channel.  This  is  not  the  whole  story, 
however,  in  the  case  of  fluids  as  limpid  as  water,  as  may  be  demon- 
strated ocularly  by  placing  aniline  dye  near  the  margin  of  a  small  stream 
In  -llii?'"^^*®"*^  Annual  Report,  U.  S.  Geol.  Survey,  Part  4,  Hydrography,  pp.  27  to  -30, 

+  Report  of  Chief  of  Engrs.,  U.  S.  Army,  1900,  p.  5333. 
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of  flowing  water.*  Little  groups  of  particles  near  the  border  are  dif-  Mr  Uurtuu. 
ferentiated  from  the  mass;  at  the.  same  time  they  are  carried  on  with 
it.  Their  motion  holds  them  together  in  what  might  be  termed  a 
dynamical  system,  namely,  a  "  vortex."  The  laws  of  motion  of  vortices 
were  investigated  by  Helmholtz,  who  showed  that  each  bears  a  definite 
burden  of  kinetic  energy,  abstracted,  in  this  case,  from  the  energy  of 
the  mass,  constituting  a  definite  loss  of  head.  The  vortex  may  be  car- 
ried on  a  considerable  distance  before  it  is  broken  up  by  the  friction 
of  the  fluid  i^articles  themselves  and  its  energy  imparted  to  the  indi- 
vidual particles  and  converted  into  heat. 

In  a  highly  viscous  fluid,  the  generation  of  these  vortices  is  pre- 
vented  and    the    surface   retardation  is  transmitted  from    lamina  to 


100 
90 
80 
TO 
60 
50 
40 

20 
10 


^ 

^^^ 

( 

^^^ 

^ 

^■""^^  ( 

)2 

Oo^^ 

^ 

^ 

6a 

9l 

X 

^o 

iw 

^08 

/ 

10  15  20  25  30 

Length  of  Curved  Portion,  in  Pipe  Diameters. 
Fig.  112. 


ai 


40 


lamina,  growing  less  and  less  as  distance  from  the  Ixirdcr  increases. 
In  such  cases  it  is  possible  that  the  law  of  inward  retardation  may  be 
such  that  the  equation  of  the  transverse  velocity  curve  might  be  defi- 
nitely determined.  In  the  case  of  water,  a  large  number  of  vertical 
velocity  curves  in  open  streams  of  varying  depth,  velocity  and  character 
of  perimeter,  obtained  by  the  writer  by  means  of  the  current  meter, 
indicates  that  the  velocity  curve  may  vary  from  a  flat  arc  to  an  equi- 
lateral hyi?erbola  having  as  its  asymptotes  a  diameter  and  an  element 
of  the  channel  perimeter.  For  certain  sets  of  conditions,  the  curvo 
will  closely  approach  a  parabola  or  a  semi-ellipse,  as  stated  by  the 

*  "  The  Character  of  Fluid  Motion,"  by  Professor  Hele-Shaw,  Proceed  ingn.  Inst.  Naval 
Architects,  1898. 
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•  authors.      Either   curve  may  be   useful  as  a  -working  hypothesis  in 
particular  cases. 

The  curve  in  Fig.  90  does  not  aj^pear  to  represent  the  data  fairly 
inasmuch  as  a  large  majority  of  the  plotted  points  lie  above  the  line 
as  drawn.  The  line  drawn  is  not  a  smooth  curve,  but  has  a  sudden 
change  of  curvature  near  the  point  60  and  2-3.  It  is  a  question  whether 
the  data  would  not  be  represented  better  by  a  line  jmssing  through 
the  origin.  Furthermore,  the  upward  curve  at  the  foot  does  not  seem 
to  be  justified  by  the  plotted  points,  unless  it  is  desii-ed  to  give  some 
weight  to  the  form  of  curve  adopted  by  earlier  experimenters.  In 
order  to  get  at  more  nearly  the  true  significance  of  the  data  per  se, 
Fig.  112  has  been  x>repared,  using,  for  the  sake  of  uniformity,  the  data 
for  30-in.  jaipes  only.  A  mean  curve  has  been  drawn  through  the 
23lotted  points  by  judgment,  without  any  attempt  at  determining  its 
position  mathematically.  Table  No.  72  will  give  some  idea  of  the 
relative  weight  of  the  plotted  points,  as  stated  by  the  authors. 

TABLE  No.  72.— Data  foe  Cijbve  Excess  in  200  Ft.  of  30-In.  Pipe. 


Number. 

Description. 

Percentage 
of  excess. 

Remarks. 

1 

•1 

60-ft.  radius 90.2 

40-ft.  radius 61.5 

Castings  very  smooth. 

3 

4 

5 

Second  large  compound 

First  large  compound 

25-f t.  radius 

71.8 

119.5 

52.7 

Contains  gate,  etc. :  rejected. 

€a 

7 

15-ft.  radius 

33.0 

24.8 
17.3 
15.7 

Corrected  for  specials. 

8 

10-f  t .  radius 

14 

White 


This  cui-ve  is  not  offered  as  a  substitute  for  that  given  by  the  authors. 
It  is  merely  designed  to  bring  out  more  clearly  the  character  of  the 
data  for  the  30-in.  pipes.  The  jiractical  conclusion  is  that,  taking  into 
consideration  the  greatest  relative  length  of  quadrantal  bends  of  large 
radius,  and  the  difference  in  smoothness,  if  any,  of  the  interior  surface 
of  bends,  compounds,  and  special  castings  as  compared  with  straight 
lengths,  the  resultant  excess  of  friction  head  over  a  straight  pipe  of 
the  given  length  increases  as  the  radius  and  length  of  the  bend 
increases.  The  data  do  not  appear  to  be  sufficiently  numerous  or 
concordant  to  enable  working  coefficients  to  be  taken  out  with 
precision. 

W.  M.  White,  Esq.  (by  letter). — This  paper  is  of  such  wide  scope 
aud  varied  treatment  that  one  can  hardly  be  expected  to  discuss  intelli- 
gently all  its  important  features. 

The  authors  express  a  doubt  as  to  the  correct  theoretical  formula 
for  use  in  the  reduction  of  the  Pitot  tube  readings.     There  seems  to  be 
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quite  a  diversity  of  oi)inion  as  to  whether  the  formula  is  r  =  s/  '2.  g  h.  *•'"■  ^^"e. 
accordiug  to  the  velocity-head  theory,  or   whether  it  is  t)  =  sf  gh, 
according  to  the  impact  theory. 

In  a  paper,*  by  the  writer,  a  series  of  experiments  is  given  which 
seems  to  prove  clearly  that  the  theoretical  and  j^ractical  formula  is 
r  =  \/  '2gTi  for  Pitot  tube  points.  The  experiments  show  that  velocity 
head  is  converted  into  static  head  exactly  according  to  the  law 
v=  sj'^g^i,  whether  the  efifect  of  the  impinging  jet  be  considered 
according  to  the  impact  theory  or  according  to  the  velocity-head 
theorv. 


The  introduction  of  a  constant,  as  p  =  #  ,y/  2^ A,  is  nearly  always 
necessary  on  account  of  some  suction  action  at  the  pressure,  or  aid*\ 
openings  of  the  tube. 

The  authors  give  ample  evidence  that  the  ratings  of  some  Pitot 
tubes,  obtained  in  open  canals,  do  not  apply  when  the  tubes  are  used 
in  closed  conduits  under  jDressure. 

There  can  be  only  two  causes  affecting  this  result,  when  the  cross- 
section  of  the  conduit  is  not  materially  affected  by  the  introduction  of 
the  tube :  First,  some  changes  in  the  law  for  the  conversion  of  velocity 
head  into  static  head  at  the  point,  due  to  the  increased  pressure;  or, 
second,  some  change  in  the  vahie  of  the  suction  action  at  the  pressure 
opening  due  to  the  increased  jiressure.  That  the  law  for  the  conversion 
of  velocity  head  into  static  head  can  be  affected  by  pressure  is  hardly 
conceivable,  because  the  pressure  at  the  point  is  increased  by  an  eipial 
amount  in  all  directions.  The  suction  action  is  caused  by  irregularities 
of  the  tube  near  the  pressure  openings,  as,  for  instance,  in  Tube  No.  6, 
where  the  abrupt  curves  of  the  tube  at  the  pressure  openings  cause  a 
suction  action  equal  to  40^",;  of  the  velocity  head  of  the  impinging  water. 
These  irregularities  distort  the  flow  of  the  water,  causing  it  to  take  a 
direction  away  from  the  openings.  This  flow,  striking  the  surrounding 
water  with  constant  impact,  relieves  the  pressure  at  the  openings.  Wlu-n 
the  pressure  of  the  surrounding  water  is  small,  the  ettect  of  this  impact 
is  large,  comparatively.  When  the  pressure  of  the  surrounding  wall 
of  water  is  increased,  the  effect  of  this  distorting  force  is  small,  com- 
paratively, and  hence  changes  the  coefficient  of  the  tube. 

In  June,  1900,  the  writer  made  some  testsf  with  a  Pitot  tube  enclosed 
in  a  52-in.  pipe.  The  pressure  within  the  pipe  was  a  little  less  thau 
atmospheric  pressui-e.  The  tube  was  worked  under  au  average  press- 
ure of  2  ft.  of  water.  The  side  of  the  pipe  was  tapped  for  a  static 
opening,  corresponding  to  a  ring  piezometer  of  the  authors'  descrip- 
tion, and  a  pipe  led  to  the  Pitot  tube  gauge,  connecting  it  with  the 
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Mr.  White,  point  and  ijressure  pipes.  The  point  and  static  readings  were  treated 
as  those  of  a  Pitot  tube  having  a  constant  of  unity,  and  the  constant 
of  the  point  and  pressure  was  calculated  to  be  0.856.  The  Pitot  tube 
was  afterward  calibrated  in  an  ojien  canal  under  ahead  of  2  ft.,  and  its 
constant  was  determined  as  0.849.  That  is  to  say,  the  point  of  the 
Pitot  tube  converted  velocity  head  into  static  head  according  to  the 
law  V  =  0.99.3  \/  2  gh.  This  is  well  within  the  limits  accorded  to  the 
errors  of  observation.  An  examination  of  the  paper  will  show  the  same 
thing  when  those  tabes  having  points  which  are  surfaces  of  revolution 
are  considered  with  ring  openings  for  pressure  readings.  For  four 
observations,  the  constant  of  the  point  does  not  vary  from  unity  more 
than  3  per  cent.  In  fact,  a  traverse  in  the  2-in.  pipe  agrees  with  the 
writer's  deductions  within  one-half  of  1  per  cent.  From  this  it  apjjears 
to  be  clear  that  the  difference  of  the  ratings  in  open  canals  and  closed 
conduits  is  caused  by  some  action  at  the  pressure  openings  due  to 
increased  pressure. 

The  authors  have  brought  out  several  forms  of  tubes,  and  have  tested 
them  under  the  same  conditions.  The  most  instructive  tests  are  those 
made  in  the  2-in.  pipe  with  pressure  and  ring  piezometer  readings  for 
the  same  point.  A  study  of  the  tables  shows  that  those  points  having 
surfaces  of  revolution,  for  instance,  Tubes  Nos.  3  and  6,  convert  velocity 
head  into  static  head,  according  to  r  =  \/  2  gh.  Tubes  C,  D  and  E, 
having  points  which  are  not  surfaces  of  revolution,  do  not  always  give 
the  full  velocity  head,  as  shown  by  Table  No.  10. 

The  reason  for  this  is  not  far  to  seek.  In  Fig.  113  are  shown  the 
stream  lines  of  flow  and  the  curves  of  pressure  on  a  rectangular  plate. 
By  referring  to  these  it  is  seen  that  the  greatest  pressure  occurs  where 
the  velocity  of  flow  is  least.  Along  the  line  A  B  there  will  be  no  flow, 
and  the  pressure  will  be  a  maxi- 
mum. The  maximum  pressure 
that  can  be  obtained  is  equal  to 
the  velocity  head  of  the  flowing 
stream.  Orifices  placed  along 
the  line  A  B  will  give  the  maxi- 
mum pressure;  but  orifices 
placed  at  Cr  and  iTwill  not  give 
the  total  velocity  head,  because 
the  water  does  not  come  to  rest 
at  those  points.  It  appears,  from 
the  results  of  the  calibrations, 
that  the  orifices  of  Tubes  C,  B 
and  E,  were  not  placed  so  that  they  would  give  the  maximum  pressure 
obtainable,  because  the  constants  of  the  points  are  shghtly  greater 
than  unity.  In  a  circular  flat  plate,  Fig.  114,  there  will  be  only  one 
point,  where  there  can  be  placed  an  orifice  which  will  give  the  total 
velocity  head,  and  that  is  at  the  center. 


CURVE  OF  PRESSURE 
ALONG  K-L 


CURVE  OF  PRESSURE 
ALONG  C-D 


Fig.  113. 
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CURVE  OF  PRESSURE 
ALONG  E-F 


There  will  be  a  point,  or  points,  in  any  plane  Mr.  White, 

surface  where  an  orifice  can  be  placed  so  that  it 
will  give  the  full  velocity  head,  but  there  will  also 
be  many  other  points  in  the  same  plane  where  this 
will  not  be  the  case,  and,  consequently,  to  the 
writer,  it  seems  best  to  adopt  only  surfaces  of  revo- 
lution for  Pitot  tube  points. 

The  writer  bases  his  deductions,  of  the  stream- 
line flow  from  a  rectangular  plate,  on  the  fol- 
lowing experiment  on  the  variation  of  pressure  on 
a  flat  circular  plate : 

For  this  exi:)eriment  a  flat  circular  plate,  8  ins. 
in  diameter,  having  ten  Ta-in.  holes  spaced  along  ^"*  ^^'*- 

a  diameter,  was  used.      These  holes  were  connected  by  nipples  and 
rubber  tubing  to  vertical  glass  tubes,  as  shewn  in  Fig.  115. 

The  apparatus  was 
placed  over  the  side  of 
a  rowboat,  and  par- 
tially submerged.  As 
the  boat  was  driven  for- 
ward, water  rose  in  the 
glass  tubes,  due  to  the 
impact  of  the  water  on 
the  jilate,  and  outlined 
the  pressure  curve,  as 
shown  in  Figs.  114  and 
115. 

In  the  authors'  sum- 
mation at  the  end  of 
the  paper.  Conclusion  F,  is  given,  as  follows: 

"  The  demoustration  that  Pitot  tubes  must  have  their  coeflicients 
determined,  whether  they  consist  of  a  point  opening  alone,  or  both 
point  and  i^ressure  oi^enings." 

In  the  light  of  recent  experiments,  this  claim  must  fail,  in  so  far  as 
it  applies  to  points  having  surfaces  of  revolution;  but,  whatever  new 
points  may  be  brought  out  concerning  the  Pitot  tube,  the  fact  remains 
that  the  authors  used  the  tubes  at  their  disposal  in  such  a  manner  as 
to  obtain  correct  results. 

The  amount  of  painstaking  care  and  labor  devoted  to  the  calibration 
and  correction  of  the  instruments  used  in  those  experiments  is  marvel- 
ous. In  this  line  of  work  the  authors  have  set  a  high  standard  of 
excellence  which  is  well  worthy  of  emiilatiou. 

A.  V.  Saph,  Assoc.  Am.  Soc.  C.  E.,  and  E.  W.  Schodek,  Jun.  Am.  Messrs.  Saph 
Soc.  C.  E.  (by  letter).— The  writers  became  associated  in  experimental  and  Schoder. 
hydraulics  in  the  spring  of  1901,  while  pursuing  graduate  work  in  the 


FlO.  115. 
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Messrs.  Saph  College  of  Civil  Engineering,  Cornell  University.  Their  attention 
*°  '  '^  ^'■-  ^^g  gi-gt  directed  toward  the  line  of  experimentation  herein  described 
by  Gardner  S.  Williams,  M.  Am.  Soc.  C.  E. ,  Engineer  in  Charge  of 
the  Hydraulic  Laboratory.  They  gladly  fell  in  with  his  suggestion 
to  utilize  certain  parts  of  the  laboratory  apparatus  which  were  well 
adapted  for  the  performance  of  accurate  experiments  along  the  same 
lines  as  those  dealt  Avith  in  the  paper. 

The  idea  of  the  writers,  at  the  beginning  of  the  work,  was  to  find 
out,  by  means  of  Pitot  tube  traverses,  in  what  manner  the  normal 
conditions  of  the  flow  of  water  in  pipes  were  altered  by  passage  around 
a  curve,  and  in  what  manner  the  altered  conditions  again  resumed  the 
normal  in  the  succeeding  tangent.  Along  with  this,  they  planned  to 
perform  comprehensive  experiments  on  the  loss  of  head  due  to  180<^ 
curves  of  various  radii. 


GENEKAi  Description  of  Appabatts  Used. 

The  experiments  were  made  on  a  system  of  2-in.  seamless- drawn 
brass  pipe,  the  plan  of  which  is  shown  in  Figs.  116,  117,  118  and  119, 
and  which  is  described  in  part  on  images  18  and  20  of  the  paper.  Four 
different  aiTangements  are  shown,  but  the  greater  part  of  the  work 
was  done  with  the  system  arranged  as  illustrated  in  Figs.  118  and  119. 
In  all  cases  the  ujj-stream  tangent  remained  the  same  for  a  distance  of 
58. 146  ft.  from  the  P.  C.  of  the  curve,  while  changes  in  the  do-wn- 
stream  section  were  made  as  the  work  progressed,  and  a  better  knowl- 
edge of  conditions  was  gained. 

De>tcrip(ion  of  Joints,  Piezometers  and  Gauges.— All  joints  were  made 
with  the  idea  of  obtaining,  as  nearly  as  possible,  a  continuous  pipe. 
The  pipe  ends  were  turned  off  squarely,  and  threaded  to  receive  the 
flanges.  The  threads  were  cut  off  near  the  ends  to  allow  adjustment. 
When  joining  two  pipes,  one  of  two  abutting  ends  was  allowed  to 
project  beyond  its  flange,  while,  at  the  other  end,  the  flange  projected 
beyond  the  end  of  the  pipe.  The  pipes  being  placed  in  position,  the 
flanges  were  bolted  and  the  pipes  screwed  to  a  tight  bearing.  The 
ridge  on  the  inside  at  the  junction  of  two  jjii^es  was,  in  all  cases,  very 
small;  that  in  the  extreme  case  between  Cuiwe  No.  6  and  the  tangents 
being  0.007  in.  In  a  number  of  piezometer  specials,  made  of  short 
pieces  of  pipe,  the  ridges  could  hardly  be  detected  by  the  finger  tips. 

The  piezometer  specials  used  are  .illustrated  on  page  17,  and  are 
also  shown  in  Plate  IX,  Fig.  1.  The  latter  shows,  also,  an  air- 
chamber  connected  to  a  ring  piezometer,  Pitot  tube  G  in  position  in 
a  stuffing-box,  and  the  flanges  for  connection  with  the  pipes.  These 
flanges  are  the  same  as  those  mentioned  in  the  jDreceding  paragraph. 
The  gauges  (all  of  the  differential  type),  and  the  hose  connections 
between  the  gauges  and  the  piezometers,  need  no  further  description 
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Messrs.  Saph  than  that  given  in  the  paper,  except  to  state  that  the  gauge  scale  unit 
and  schoder.  .^  ^jj  ^^^^^  ^.^^^  ^^le  double  centimeter.     The  weighing  apparatus  has 
also  been  described  by  the  authors,  on  page  20. 

The  Curves. — Six  different  curves  were  experimented  upon.  They 
were  made  of  2-in.  seamless-drawn  brass  pipe,  bent  into  an  arc  of  180^. 
The  dimensions  of  tliese  curves  are  given  in  Table  No.  73.  Seven 
different  radii  were  measured  on  eacb  curve,  the  values  given  in  the 
table  being  the  means  of  these.  Two  inside  diameters  at  right  angles 
to  one  another  were  measured  at  each  end,  the  mean  of  the  four 
measurements  on  each  curve  being  taken  as  the  true  mean.  To  check 
this,  outside  caliperings  on  two  diameters  were  taken  at  seven  different 
sections  on  each  curve.  These  measurements  remained  quite  con- 
stant, and  it  was  judged  that  the  inside  diameter  was  the  same  for  all 
sections. 

TABLE  No.  73. 


(1> 

Number  of 
curve. 

(2) 

Radius,  in 
feet. 

(3) 

Radius,  in  pipe 
diameters. 

(*) 

Diameter,  in 
inches. 

(5) 

Length  from 
Piezometer  No.  2 

to  Piezometer 
No.  7,  in  feet. 

1 

1.6593 
1.3177 
0.9974 
0.8229 
0.7500 
0.6588 

9.582 
7.631 
5.771 
4.759 
4.327 
3.838 

2.078 
2.077 
2.074 
2.075 
2.080 
2.060 

C  053 

2 

4  980 

3 

3  973 

4 

3  425 

5 

3  196 

6 

2  910 

Bosses  on  Curve  No.  1. — In  order  to  enter  Cm-ve  No.  1  at  different 
points  with  a  Pitot  tube,  bosses  were  soldered  to  the  curve  at  six 
places,  as  shown  in  Fig.  120.  Bosses  Nos.  1  and  6  are  15°  from  the 
P.  C.  and  P.  T. ,  respectively,  and  the  others  are  placed  at  intervals  of 
30  degrees.  The  construction  of  these  bosses  is  shown  in  Fig.  121. 
When  it  was  desired  to  insert  the  Pitot  tube,  the  plug  was  removed 
and  a  stuflfing-box,  of  the  pattern  shown  in  Plate  IX,  Fig.  1,  was  in- 
serted. This  construction  allowed  horizontal  traverses  to  be  taken  at 
the  different  points  on  the  curve.  The  ends  of  the  plugs  were  care- 
fully ground,  so  that  when  screwed  into  place  they  fitted  the  inside  of 
the  curve  accuratelv. 


WoEK  ^^^TH  Pitot  Tubes. 

Description  of  Tubes  Used.— The  first  portion  of  the  work  was  done 
with  Tube  E,  described  on  page  8,  and  illustrated  in  Fig.  4  and  Plate 
I,  and  also  in  Plate  IX,  Fig.  2.  Traverses  1  to  66,  inclusive,  were  made 
with  this  tube. 
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Later,  two  tubes,  F  and  G,  of  the  point  and  pressure  type,  were  Messrs.  Saph 
built.  They  are  as  nearly  alike  as  an  expert  mechanician  could  make  *°<*  ^*><^®'"- 
them.  In  addition  to  the  two  side-presstire  openings,  seen  in  Plate  IX, 
Fig.  2,  there  is  a  third  opening  at  the  bottom  of  the  tube,  all  three 
openings  communicating,  through  a  small  hole  in  the  blade  of  the  tube, 
to  a  single  jjressure  connection  at  the  top.  Plate  IX,  Fig.  1  shows 
Tube  G,  the  stuffing-box,  and  the  hose  connections.  If  only  a  point 
and  pressure  traverse  was  taken,  the  ring  piezometer  was  not  used,  and 
the  point  and  pressure  connections  were  attached  to  a  double  instead 
of  a  triple  gauge.  Traverses  67  to  148,  inclusive,  were  made  with  Tubes 
F  and  G. 

Methods  of  Observation. — In  making  a  traverse,  the  tube  was  set  on 
the  desired  point  and  carefully  aligned  by  means  of  the  pointer  on  the 
stem.  Several  minutes  were  allowed  for  the  gauge  to  settle,  before 
commencing  readings.  In  general,  six  o>)servations,  at  intervals  of  15 
to  30  seconds,  were  taken  on  each  point,  an  observation  consisting  of  a 
reading  of  the  meniscus  in  each  column  of  the  gauge. 

Throughout  the  traverse  the  flow  was  kept  constant,  and,  at  inter- 
vals, the  discharge  was  diverted  to  the  weighing  tank,  the  time  being 
taken  with  an  ordinary  watch.  The  temperature  of  the  water  was 
taken  in  the  weighing  tank  with  an  accurate  thermometer,  immediately 
after  tilling. 

Before  the  beginning  and  after  the  end  of  each  traverse  the  zero  or 
level  readings  of  the  columns  were  recorded.  It  may  be  remarked  in 
passing  that  no  traverse  was  begrin  with  an  initial  difference  of  more 
than  0.02  double  centimeter,  that  being,  in  the  writers'  opinion,  the 
limit  of  initial  error  allowable  in  laboratory  work,  a  greater  difference 
being  probably  due  to  the  presence  of  air,  or  to  leaks  in  the 
connections. 

Methods  of  Reduction. — In  reducing  weights  to  velocities  the  weight 
per  cubic  foot  of  water  was  taken  from  a  table,  given  by  the  late  Ham- 
ilton Smith,  Jr.,  M.  Am.  Soc.  C.  E.,  for  distilled  water  at  various  tem- 
peratures. It  had  been  determined  previously  that  the  specific  gravity 
of  the  water  used,  at  68"  Fahr. ,  was  identical,  to  the  fourth  decimal 
place,  with  that  of  distilled  water  at  the  same  temperature. 

In  reducing  observed  heads  to  velocities,  the  latter  were  taken  from 
a  curve  plotted  according  to  the  relation  V  =  V  2  ,7  //.  The  third 
place  was  gotten  by  estimation,  and  may  be  somewhat  in  error.  In  ob- 
taining the  mean  velocity  by  tube  at  any  cross-section,  it  was  assumed 
that  the  head  observed  at  any  point  acts  over  a  ring,  the  width  of 
which  is  the  distance  between  two  points,  and  which  extends  an  equal 
distance  on  each  side  of  the  point.  This  method  of  approximation  gives 
results  about  0.8  of  1%  too  low  (i.  e.,  for  normal  flow).  The  method 
does  not  apply  in  cases  of  distorted,  iinsymmetrical  tlow,  as  will  be 
shown  later. 
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Messrs.  Saph  EeSULTS   OF  PiTOT-TxJBE   ExPERTMENTS. 

and  Schoder. 

The  evidence  of  148  Pitot-tube  traverses  shows  that  the  disturbance 
caused  by  a  smooth  curve  is  not  of  the  highly  complex  and  indefinite 
nature  ordinarily  ascribed  to  it.  The  point  of  maximum  velocity  is 
merely  shifted  toward  the  convex  side  of  the  pipe,  and  -with  this  shift- 
ing there  is  of  necessity  a  variation  in  the  shape  of  the  velocity  "  con- 
tours." These,  in  normal  flow  in  straight  pipe,  are  concentric  circles. 
The  change  in  their  shape  after  passage  around  a  curve  is  admirably 
shown  in  Fig.  122.  Here  it  is  seen  that  the  maximum  velocity  is 
shifted  from  the  center  to  a  point  about  five-sevenths  of  the  radius  to- 
ward the  convex  side.  The  "  contours  "  are  no  longer  circles,  but  are 
flattened  out,  while  the  ends  are  forced  outward  toward  the  top  and 
bottom  and  back  toward  the  concave  side.  There  seems  to  be  a  pecu- 
liar combination  of  the  efforts  of  the  faster  moving  water  to  remain  in 
the  center,  its  normal  position,  and  at  the  same  time  to  get  to  the  con- 
vex wall  of  the  curve.  As  might  have  been  expected,  there  is  sym- 
metry about  a  horizontal  plane  through  the  axis  of  the  curve. 

The  experimental  evidence,  showing  how  this  final  distorted  condi- 
tion has  been  reached,  and  how  it  again  reaches  the  normal  condition, 
will  next  be  examined.  In  Fig.  124  are  plotted  eight  horizontal 
traverses;  one  just  up  stream  from  the  P.C.  of  Curve  No.  1,  six  in  the 
curve  itself,  and  one  just  down  stream  from  the  P.  T.  Table  Xo.  74 
gives  the  condensed  data  for  these  traverses.  The  traverses  are  plotted 
so  that  their  maxima  are  separated  by  a  distance  proportional  to  the 
distances  between  the  points  where  the  traverses  were  taken.  Then  a 
curve  is  sketched  through  the  points  of  maximum  velocity,  sho^-ing 
graphically  how  the  distortion  takes  place  in  passing  around  the  curve. 

It  will  be  seen  that  the  greater  part  of  the  distortion  has  taken 
place  between  1-5°  and  45^  from  the  P.T.  Now,  the  axis  and  the  con- 
cave side  of  the  up-stream  tangent,  when  prolonged,  cut  the  outer  wall 
of  the  curve  at  points  about  18='  and  26^,  respectively,  from  the  P.C.  It 
thus  appears  that  most  of  the  distortion  occurs  in  the  region  where  the 
stream  as  a  whole  is  fli-st  being  deviated  from  its  former  direction.  It 
is  very  evident  that  there  is  little  change  in  the  second  quadrant  of  the 
ciirve.  The  flowing  water  has  already  accommodated  itself  to  the 
curvilinear  motion,  and  there  is  thereafter  a  similar  constancy  (under 
different  conditions,  of  course)  to  that  which  exists  in  the  flow  in 
straight  pipe. 

The  water,  having  passed  around  the  curve,  enters  the  down-stream 
tangent  under  the  fully  distorted  conditions  just  described.  But 
there  is  no  evidence  showing  a  rebound,  or  the  existence  of  compli- 
cated eddies  or  spirals.  On  the  other  hand,  the  distortion  in  a  most 
gradual  manner  changes  back  to  normal  conditions,  and,  having  done 
so,  the  water  flows  on  as  though  no  curve  had  ever  changed  its  course. 
On  these  points  the  experimental  evidence  is  quite  conclusive. 
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Messrs.  Saph  Fig.  125,  in  which  the  traverses  are  plotted,  as  in  Fig.  124,  shows 
andSchoder.  graphically  the  gradual  return  to  normal  conditions  in  the  down- 
stream tangent,  for  both  horizontal  and  vertical  traverses.  In  order 
to  get  traverses  as  nearly  horizontal  as  possible  it  was  necessary  to  use 
Traverses  18  and  45  by  Tube  E  beyond  Curve  No.  1.  The  observed 
velocities  in  these  traverses  were  reduced  to  what  they  would  have 
been  if  Tube  F  had  been  used  with  point  and  pressure,  instead  of 
point  and  ring.  This,  however,  in  no  way  changes  the  approximate 
position  of  the  point  of  maximum  velocity.  The  occasional  api3arent 
disregard  of  the  maximum  shown  by  the  j^lotted  traverses,  in  sketch- 
ing the  locus  of  the  maximum  velocity,  will  be  explained  presently. 

Further  evidence  of  this  gradual  return  is  exhibited  in  Table 
No.  75,  giving  the  essential  data  of  all  traverses. 

These  traverses,  both  hoi-izontal  and  vertical,  show  the  gradual 
change  back  to  normal  conditions.  The  horizontal  traverses  show  the 
maximum  velocity  to  be  always  on  the  convex  side,  until,  at  a  distance 
of  31.400  ft.  (181  diameters)  from  the  P.  T.,  if  not  before,  the  flow  has 
become  symmetrical  and  remains  so  thereafter.  The  traverses  show 
the  same  general  distribution  of  velocities  for  all  mean  velocities  in 
the  range  of  the  experiments  (from  about  1  ft.  per  second  to  about  5 
ft.  per  second),  so  that  there  is  no  evidence  that  a  variation  of  velocity 
within  these  limits  affects  the  distance  through  which  distortion  ex- 
tends. A  peculiar  thing,  however,  is  noticed  concerning  the  point 
and  pressure  traverses  made  with  Tubes  F  and  G,  in  which  a  slightly 
distorted  flow  is  indicated  where  normal  conditions  exist.  The  simul- 
taneous point  and  ring  traverses  show  symmetry,  while  point  and 
pressure  traverses  invariably  show  the  maximum  to  be  on  the  side  of 
the  center  away  from  the  entry.  This  result  is  due  to  the  effect  upon 
the  pressure  oijenings  of  the  disturbance  caused  by  the  presence  in 
the  pipe  of  the  tube  itself. 

The  effect  just  mentioned  is  of  much  importance.  The  design  of 
the  pressure  openings,  if  possible,  should  be  such  that  they  will  at  all 
times  communicate  a  j^ressure  bearing  a  constant  ratio  to  the  mean 
pressure  at  any  given  point.  As  to  what  constitutes  a  well-designed 
tube,  it  seems  certain  that  the  jDressure  openings  should  be  symmetri- 
cally i)laced  about  the  axis  of  the  point  opening,  and,  moreover,  they 
should  be  so  jjlaced  that  they  may  be  affected  as  nearly  equally  as 
possible  by  the  disturbances  set  up  by  the  passage  of  the  water  past 
the  end  of  the  tube.  These  two  considerations  would  indicate  that 
Tubes  F  and  G  are  not  of  the  best  design,  which  is  further  shown  by 
the  evidence  just  mentioned  regarding  their  peculiar  indications 
where  normal  flow  is  known  to  exist.  The  writers  made  a  traverse,  at 
at  a  point  58.30  ft.  down  stream  from  Curve  No.  1,  with  Tube  G,  the 
two  side-pressure  openings  having  been  closed  with  sealing  wax,  leav- 
ing only  the  bottom  opening.     The  point  and  pressure  traverse  showed 
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Messrs.  Saph  the  maximum  to  be  a  little  to  the  side  of  the  center,  away  from  the 
and  Schoder.  gj^^j.^^  while  the  point  and  ring  traverse  showed  normal  flow  with  the 
maximum  at  the  center.  This  would  seem  to  indicate  that  the  pres- 
ence of  the  bottom  opening  was  the  cause  of  the  similar  action  of 
Tubes  F  and  G  with  all  three  openings  in  use.  However,  a  traverse 
made  with  Tube  C  (described  and  illustrated  in  the  jDaper),  showed 
the  same  effect,  only  much  exaggerated,  owing  to  the  larger  size  of 
the  tube  relatively  to  the  pipe.  In  this  tube  the  openings  are  sym- 
metrically placed,  but  they  are  situated  near  the  rear  of  the  cut- water 
blade,  and  close  to  the  end  of  the  tube.  Now,  if  the  tendency  of  the 
water  near  the  end  of  the  tube  to  flow  around  the  end,  rather  than 
flow  across  perpendicularly  to  the  blade,  is  diiferent  at  diff"erent  points 
in  the  cross-section  of  the  flowing  water,  then  it  is  evident  that  these 
pressure  openings  will  not  give  uniform  indications. 

To  illustrate,  imagine  the  tube  on  a  point  beyond  center.  The  ten- 
dency of  the  water  to  flow  around  the  end  of  the  tube  is  opposed  by 
the  circumstance  that  the  water  beyond  the  end  is  moving  with  a  lower 
velocity  than  the  water  at  the  end.  Xow  imagine  the  tube  drawn 
back  to  the  corresponding  point  on  the  entry  side  of  center.  Here, 
the  water  is  flovring  with  the  same  velocity  as  on  the  opposite  side; 
but  the  velocity  beyond  the  end  of  the  tube  is  now  gi-eater  than  the 
velocity  at  the  end,  and  the  tendency  of  the  water  to  flow  around  is 
increased.  In  the  first  case,  the  velocity  past  the  j)ressure  openings 
is  increased,  and  the  pressure,  therefore,  is  lowered,  giving  a  greater 
observed  difi'erence  of  head  between  the  point  and  pressure  columns 
of  the  gauge  In  the  second  case,  the  velocity  jDast  the  pressure 
openings  is  decreased,  and  the  pressure  increased,  giving  a  smaller 
observed  difference  between  point  and  pressure.  These  effects,  of 
course,  are  smaller,  for  the  same  tube,  in  a  large  pipe  than  in  a  small 
one,  because,  in  a  given  distance,  there  is  less  change  of  velocity.  In 
addition  to  this  effect,  the  velocity  j^ast  the  pressure  openings  is 
slightly  higher  on  the  side  op^Dosite  the  entry  than  on  the  corresjjond- 
iug  point  on  the  side  next  to  the  entry,  because  the  area  of  the  cross- 
section  is  less,  owing  to  the  greater  area  of  the  tube  in  the  pipe.  This 
last  effect  becomes  quite  pronounced  for  large  tubes  in  a  small  pipe. 

For  the  foregoing  reasons,  then,  it  is  seen  that  the  conditions  actu- 
ally existing  in  this  pipe  are  not  correctly  represented  by  point  and 
l)ressure  traverses.  The  apparent  maximum  is  shifted  away  from  its 
true  position  toward  the  side  opposite  the  entry.  In  Fig.  125  the  effect 
of  Tubes  F  and  G  has  therefore  been  considered  in  sketching  the  locus 
of  the  position  of  maximum  velocity. 

Effecls  of  Curves  of  Biffet-ent  Radius.  —The  traverses  made  beyond 
Curves  Nos.  1  and  6  showed  the  same  general  distorted  conditions. 
This,  together  with  the  evidence  of  the  traverses  in  Curve  No.  1,  show- 
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ine;  that  the  full  distortion  is  reached  in  the  first  quadrant,  rendered  Messrs.  Saph 

and  Sctaoder. 
Pitot-tube  experiments  on  the  curves  of  intermediate  radius  unneces- 
sary.  The  loss-of-head  experiments,  which  will  be  discussed  later,  fur- 
nish additional  evidence  regarding  the  similarity  of  etiect  of  the  curves 
of  diflferent  radii. 

The  Bitot  Tube  as  a  31eter. — Thus  far,  all  that  has  been  said  con- 
cerns only  the  relative  indications  of  the  Pitot  tube.  However,  the 
numerous  traverses,  mostly  in  cases  of  distorted  flow,  are  also  of 
value  in  indicating  the  action  of  the  tube  as  a  meter  in  such  cases. 

In  order  to  use  a  traverse  on  a  single  diameter,  to  correctly  meas- 
ure the  flow  in  the  whole  cross-section,  it  is  necessary  to  know  the 
manner  of  the  distribution  of  velocities  throughout  the  whole  cross- 
section.  In  normal  flow  the  conditions  are  the  same  for  every  diam- 
eter, and  the  matter  of  gauging  the  flow  becomes  quite  simple.  It  is 
only  necessary  to  apply  the  proper  factors  to  each  of  the  velocities 
deduced  from  the  observed  heads  along  any  diameter.  In  cases  of 
distorted  flow  the  same  factors  cannot  be  used,  and  the  determination 
of  the  proper  ones  involves,  as  just  mentioned,  a  knowledge  of  the 
conditions  throughout  the  cross-section. 

Fig.  123  shows  the  variation  of  velocities  around  the  circumferences 
of  concentric  circles  under  the  distorted  conditions  shown  in  Fig.  122. 
The  true  mean  velocity  for  each  circle  was  gotten  by  applying  a  plani- 
meter  to  the  area  bounded  by  the  base  line  (or  rectified  circumference), 
the  end  ordinates  and  the  velocity  curve.  The  area  thus  obtained  was 
divided  by  the  length  of  the  base,  to  get  the  height  of  the  mean- 
velocity  ordinate.  The  graphical  interpretation  of  the  mean-velocity 
line  is  that  the  area  above  it,  and  bounded  by  it  and  the  curve,  is 
equal  to  the  areas  below  it,  and  bounded  by  it,  the  end  ordinates  pro- 
longed and  the  curve.     These  areas  arc  shaded  in  Fig.  123. 

The  error  introduced  by  assuming  that  the  mean  of  two  velocities 
at  points  equi-distant  from  and  on  o])posite  sides  of  the  center  is  the 
mean  velocity  for  the  circle  passing  through  these  points  is  clearly 
shown  in  the  diagram.  Invariably,  the  points  on  the  vertical  diam- 
eter give  too  high  a  mean  velocity,  while  the  points  on  the  horizontal 
diameter,  or  the  mean  of  four  points  on  both  diameters,  give  too  low 
a  mean  velocity.  It  is  a  curious  fact  that  the  observations  on  a  diam- 
eter 303  above  or  below  the  horizontal  may  be  treated  as  though  the 
flow  were  symmetrical,  and  will  give  the  discharge  as  accurately  as 
though  such  were  the  case.  Whether  this  is  of  general  application  or 
not,  the  writers  will  not  venture  to  say. 

It  is  evident,  then,  that  the  ratios   v^—  given  in  Tables  Nos.  74  and 

75  are  incorrect  for  the  whole  cross-section,  except  in  cases  of  sym- 
metrical flow.  These  ratios  have  been  worked  out  in  order  to  examine 
the  range  of    resulting  error,   aud   the  wide  variation  of  the  ratios 
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Messrs.  Saph  among  themselves  would  of  itself  have  been  sufficient  cause  to  ques- 
and  Schcder.  ^^^^  the  validity  of  using  such  a  method  of  reduction  to  obtain  the  true 
discharge. 

Considering  the  traverses  where  nearly  symmetrical  flow  existed, 
the  ratios  of  the  mean  velocity  by  tube  to  the  mean  by  weight,  and  the 
ratio  of  mean  by  tube  to  maximum  bj  tube,  seem  to  indicate  that  the 
latter  part  of  the  authors'  Conclusion  B  and  their  Conclusion  C  are 
conservative  statements  regarding  the  accuracy  of  the  Pitot  tube  as  a 
meter  in  cases  of  symmetrical  flow. 

Comparison  of  Conditions  of  Flow  in  Small  and  Large  Pipes. — All 
the  traverses  made  by  the  writers  under  normal-flow  conditions  show 
an  approximately  ellijitical  velocity  distribution.  The  average  ratio 
of  the  mean  velocity  to  the  maximum  obtained  by  the  writers  from 
their  normal  flow  traverses  is  0.827,  somewhat  lower  than  the  ratio 
given  in  Conclusion  G  of  the  paper.  This  ratio  agrees  well  with  that 
obtained  by  the  authors  for  the  same  size  and  kind  of  pipe.  Their 
value  is  0.8139,  given  in  Table  No.  4.  This  latter  value  is  obtained 
from  a  combination  of  a  few  traverses  by  each  of  four  tiibes,  and,  in 
the  writers'  opinion,  is  not  as  reliable  as  the  value  0.827  which  was  ob- 
tained from  nearly  four  times  as  many  experiments  more  consistent 
among  themselves. 

In  distorted  flow  caused  by  curves.  Figs.  11  and  12  show  the  distri- 
bution of  velocities  at  points  about  4  and  10  diameters,  respectively, 
down  stream  from  40-ft.  and  15-ft.  radius  90^  curves.  There  is  a 
remarkable  similarity  between  these  and  the  horizontal  traverses  by 
the  writers  at  corresponding  points  down  stream  from  Curves  Nos.  1 
and  6,  shown  in  Fig.  125.  It  must  be  remembered  that  where 
the  entry  is  not  exactly  horizontal  the  traverse  will  show  peculiarities 
due  to  the  lack  of  symmetry  of  the  velocity  distribution  about 
a  vertical.  A  glance  at  Fig.  122  will  render  this  more  apparent.  Thus 
it  seemsto  be  entirely  in  accord  with  experimental  evidence  to  say  that 
the  general  natiireof  the  distortion  due  to  curves  is  the  same,  whether 
we  are  dealing  with  a  2-in.  or  a  30-in.  pipe.  The  matter  of  the  loss  of 
head,  however,  seems  to  dej^end  on  other  factors  than  the  relative  dis- 
tortion.    It  will  be  considered  next. 

Experiments  on  Loss  of  Head. 

For  the  loss-of-head  experiments  the  system  of  pipes  and  piezom- 
eters was  arranged  as  shown  in  Fig.  119.  The  only  change  neces- 
sary was  the  substitution  of  the  different  curves,  descriptions  and 
measurements  of  which  have  already  been  given.  The  losses  of  head 
were  measured  in  nine  different  sections:  AB,  BC,  CI,  CF,  FG,  BJ,  IJ, 
GH  and  HI.  Observations  were  taken  on  four  sections  at  a  time,  and 
the  sets  of  simultaneous  observations  for  a  particular  velocity  consti- 
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tute  what  is  called  an  experiment.     Thus,  in  Table  No.  7G  (Plate  X)  Messrs.  Saph 
the  same   number  will  be  found   under   four   sections  for  the  same  *"    '  "  ' 
curve.     All  heads  were  measured  in  water. 

Methods  of  Obsei'vaticn. — The  same  precautions  were  taken  to  have 
the  gauges  in  perfect  working  order  as  in  the  Pitot-tube  work.  Each 
velocity  was  maintained  for  a  period  of  from  15  to  20  minutes,  and, 
during  this  time,  the  gauges  were  read  from  twenty  to  sixty  times. 

Two  different  methods  of  reading  were  used.  One  of  the  writers 
preferred  to  watch  closely  the  vibrations  of  the  menisci  for  a  short 
time,  and  to  set  the  riders  on  what  he  judged  to  be  the  mean  position. 
The  other  preferred  to  take  readings  on  the  successive  maxima  and 
minima,  and  considered  that  the  average  of  a  large  number  of  read- 
ings so  taken  would  give  the  time  mean.  These  two  methods,  how- 
ever, give  substantially  the  same  results,  as  may  be  seen  by  summing 
the  observed  heads  on  Sections  BC,  CI  and  /./,  which  should  give  the 
same  value  as  the  observed  head  on  Section  BJ.  The  differences 
are  so  small  as  to  be  negligible.  It  may  be  stated,  in  addition,  that 
two  of  the  gauges  had  glass  tubes  of  large  diameter  (1  in.),  and 
two  had  tubes  of  small  diameter  (-|  in.).  Hence  the  vibrations  were 
not  of  the  same  magnitude.  The  fact  that  the  results  checked  so 
closely  would  indicate  that  the  size  of  the  glass  tubes  is  not  a  \-ital 
matter.  Nor  does  the  length  of  the  connecting  hose  seem  to  make 
any  difference,  the  lengths  used  varying  from  10  to  60  ft. 

In  general,  two  weights  were  taken  for  each  experiment,  one  by  each 
of  the  writers,  and  these  were  averaged  unless  there  was  a  greater  dif- 
ference than  about  ^  of  1  per  cent.  In  the  latter  event  the  gauge  read- 
ings were  consulted,  to  find  whether  these  showed  a  corresponding 
change.  If  no  change  was  foiind  a  check  weight  was  taken  before 
altering  the  flow.  The  average  variation  of  the  weights  was  less  than 
i  of  1  per  cent. 

Method  of  Reduction.— The  method  of  reducing  the  weights  to 
velocities  was  essentially  the  same  as  for  the  Pitot-tube  work.  The 
mean  diameters  used  in  the  reduction  are  given  in  Table  No.  76  (Plate 
X).  These  were  obtained  from  the  measured  diameters  of  ])ipes  given 
in  Figs.  116,  117,  118  and  119,  each  eliameter  being  allowed  to  influence 
the  result  in  proportion  to  the  corresponding  length  of  pipe. 

Temperature  Effect,  and  the  Corrections  for  /7.— Other  experiments 
performed  by  the  writers  on  2-in.  brass  pipe  have  shown  that  the  effect 
of  temperature  on  loss  of  head  is  a  very  important  factor.  This  effect 
has  been  pointed  out  by  foreign  experimenters,  especially  Hagen,  but 
generally  it  has  been  overlooked  or  disregarded. 

In  the  experiments  to  be  described  the  range  of  temperature  was 
only  7°  Fahr.,  but  this  range  is  enough  to  introduce  eflects  which  are 
far  from  negligible.  In  Fig.  126  the  observed  losses  in  Section  IJ  were 
plotted  as  ordinates,  with  the  corresponding  velocities,   in  feet  per 
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Messrs.  saph  second,  raised  to  the  jjower  1.75,  as  abscissas.  This  power  of  the 
and  Schoder.  .^gj^^j^y  ^a^g  ^sed  because  it  had  been  found  previously  that  the  law  for 
the  loss  of  lead  in  this  pipe  could  be  expressed  approximately  by  the 
formula//,  =  m  F'-"^  The  effect  of  temperature,  the  degrees  Fah- 
renheit being  marked  on  each  observation  plotted,  is  quite  clearly 
shown. 

For  any  particular  temperature,  the  points  lie  aj^proximately  on  a 
straight  line.  The  points  for  52-  and  also  those  for  59°  were  connected 
by  short  lines,  and  a  number  of  the  differences  in  ordinates  were 
scaled  off.  These  differences  were  divided  by  the  corx'esponding 
heads  and  by  7,  the  temi)erature  difference.  These  values  were  then 
averaged,  giving  a  correction  of  0.00366  of  a  gauge-scale  unit  for  each 
unit  of  head  and  degree  of  temperature.  The  correction  applied  in 
each  case  was  that  necessary  to  bring  all  the  observations  to  a  common 
basis  of  56°  Fahr.  There  is.  of  course,  a  slight  error  introduced  in 
assuming  that  for  a  particular  head  the  correction  per  degree  for  dif- 
ferent temperatures  is  the  same.  For  the  small  range  of  temperatures 
in  these  experiments  this  error  is  inappreciable. 

The  writers  are  at  the  present  time  conducting  a  series  of  experi- ' 
ments  in  which  the  effect   of   temperature  on  loss  of  head  is  being 
more  fully  investigated. 

Plotting  of  Results. — All  the  essential  data  in  connection  with  these 
experiments  are  contained  in  Table  No.  76  (Plate  X).  From  a  plotting 
of  these  data  on  logarithmic  paper  it  was  found  that  the  points  for 
Section  AB  lie  on  a  straight  line,  which  indicates  that  the  law  for  the 
loss  of  head  in  straight  pijie  under  normal  conditions  can  be  repre- 
sented by  the  formula  i/^  =  m  V",  where,  as  shown  in  the  paper,  «  is 
the  slope  of  the  line,  and  log.  m  is  the  intercept  on  the  j/-axis.  The 
origin  is  the  point  for  which  H/,—  1  and  V  =  1. 

The  line  for  Section  AB  had  the  slope  n  =  1.759,  as  nearly  as  could 
be  scaled  from  the  logarithmic  plotting,  and  m  =  '2.29;  however,  when 
the  heads  were  plotted  as  ordinates  on  ordinary  cross-section  jiaper, 
with  the  values  of  F'-"^^  as  abscissas,  the  more  accurate  value,  2.296, 
was  obtained  for  m.  This  value  has  been  adojited.  Hence  the  formula 
for  the  loss  of  head  in  a  straight  section  of  2.090-in.  brass  pipe, 
under  normal  conditions  of  flow,  for  a  temjaerature  of  56°  Fahr.,  may  be 
represented  by  the  expression,  Hf  =  2.296  F'•'^^  where  ^^is  in  double 
centimeters  and  F  is  in  feet  per  second,  and  where  the  length  of  the 
pipe  is  57.496  ft.,  the  length  of  Section  AB;  or  //',,  in  feet  per  1  000  ft. 
of  length,  =2.62  V^'^^. 

The  same  value  for  n  was  found  to  hold  for  Section  //,  and  the 
fact  that  all  the  points,  even  for  the  different  curves,  fell  nearly  in 
straight  lines  indicates  that  there  is  very  little,  if  any,  effect,  due  to 
the  curves,  on  the  law  of  flow  in  that  section.  This  question  will  be 
further  considered  presently.     Section  J5. 7,  which  includes  the  curves, 
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Messrs.  Saph  also  gave  straiglit  lines  approximately  parallel  to  the  line  for  Section 
and  Schoder.  ^  ^  ^j^^  plotted  points  for  the  other  sections  seemed,  in  a  general 
way,  to  lie  on  lines  with  approximately  the  same  slope  as  Section  A  B, 
but  they  showed  considerable  irregularity,  which  was  quite  pronounced 
for  the  lower  velocities.  These  irregularities  may  be  partly  due  to 
errors  in  reading  small  heads,  where  an  error  quite  small  in  itself 
becomes  relatively  large  in  i^lotting.  It  will  be  seen  also  that  the 
points  which  show  such  irregularities  were  i:)lotted  on  a  jjart  of  the 
logarithmic  paper  where  a  small  error  is  greatly  magnified  owing  to 
the  distorted  scale. 

Excesses  of  Loss  of  Head  due  to  Curves. — The  losses  which  would 
occur  in  a  straight  pipe,  equal  in  length  to  the  length  of  Section  B  J, 
under  normal  conditions,  were  calculated  from  the  relation, 


.,.,53    ^^  length  of  5.7 


27..  =  2.296  F  ^  .,       ,,.,„, 

•'  length  of  A  B 

the  different  lengths  of  B  ./being  taken  fi-om  Table  No.  76.  The  re- 
sulting values  are  given  in  Table  No.  77,  which  also  contains  the 
observed  losses  on  Section  B  J  after  being  corrected  for  temperature, 
and  the  excess  losses  over  A  B  for  equal  length,  obtained  by  sub- 
traction. This  table  gives  also  the  excesses  for  Section  //over  A  B 
for  equal  length. 

The  reason  for  taking  Section  B  -/,  in  calculating  the  total  excess 
loss  of  bead  due  to  the  curves,  is  that  the  conditions  were  known  to  be 
normal  at  both  ends  of  this  section.  All  the  piezometers  between  the 
piezometer  at  J  and  the  P.  T.  of  the  curves  give  incorrect  indica- 
tions, because  the  flow  has  not  yet  become  normal  at  the  j)laces  where 
they  are  located.     This  matter  will  be  considered  more  fully,  later. 

The  excesses  for  Section  / ./,  given  in  Table  No.  76,  are  found  to  be 
negative  in  most  cases.  This  indicates  that  the  distortion  due  to  the 
curves  has  not  entirely  disappeared  at  /,  a  distance  of  21.275  ft.,  or 
102  diameters,  down  stream  from  the  P.  T.  These  negative  values, 
moreover,  show  that  the  effect  due  to  the  curves  is  of  such  a  nature  as 
to  cause  a  ring  ijiezometer  to  communicate  a  lower  pressure  than  it 
would  communicate  under  normal  conditions  of  flow. 

The  fact  that  the  conditions  of  flow  were  not  entirely  normal  in 
Section  /  /,  the  observed  losses  in  which  were  used  to  determine  the 
correction  for  temperature,  gave  rise  to  the  suspicion  that  the  differ- 
ences shown  in  Fig.  126  might  be  due  partly  to  the  effect  of  the  curves, 
especially  as  the  temjjerature  was  fairly  constant  for  the  experiments 
on  this  section  for  any  jjarticular  curve.  Accordingly,  the  observed 
heads  for  Section /./were  corrected  by  these  excesses.  Fig.  127  shows 
the  i)lotting  of  these  finally  corrected  heads,  using  also  the  more  accu- 
rate values  obtained  from  the  expression  F'-"^^.  It  will  be  seen  that 
this  final  correction  of  observed  heads,  as  obtained  by  this  method, 
which  is  realh'  one  of  successive  approximations,  reduces  Section  / ./ 


DISCUSSION   ON    FLOW    OF    WATER    IN    PIPES.  317 

to  the  basis  of  entirely  normal  conditions,  retaining,   however,  the  Messrs.  saph 
observed  temperatures.     The  temperature  correction  determined  from  *"*'  '**'''*'^*'"- 
Fig.  127  is  0.00355  of  a  double  centimeter,  instead  of  0.0036G,  as  pre- 
viously determined  from  Fig.  126.     However,  no  revision  of  observa- 
tions was  necessary,  the  corrections  Avhich  would  be  introduced  being 
quite  inappreciable. 

Action  of  Piezometers  under  Dii^torted  Conditions.— In  order  to  show- 
clearly  how  piezometers  act  when  the  conditions  are  abnormal,  Table 
No.  78  has  been  prepared.  The  losses  of  head,  which  would  be  indi- 
cated by  each  of  the  different  piezometers  down  stream  from  the  P.  T. 
of  the  curves,  when  taken  in  connection  with  the  piezometer  at  B,  were 
obtained  by  using  some  of  the  observations  directly  and  making  such 
changes  in  others  as  to  bring  them  to  a  "simultaneous  observation" 
basis.  Sections  B  ./and  B  C  were  taken  as  observed,  and  Section  B  I 
was  obtained  by  subtracting  IJ  from  Zf  J.  The  observed  losses  in 
C  F,  F  G  and  G  H  were  reduced  in  proportion  to  the  1.75th  power  of 
the  ratio  between  the  observed  velocities  and  the  adoj^ted  velocities 
for  comparison.  The  resulting  values  have  only  to  be  combined  by 
direct  addition  to  get  the  values  as  given  in  Table  No.  78. 

The  losses  for  the  corresijonding  lengths  of  straight  pipe,  under 
normal  conditions,  were  calculated  as  before.  By  subtraction,  the 
excess  loss,  as  indicated  by  any  particular  piezometer  in  connection 
with  a  common  piezometer  at  B,  is  found. 

All  the  excesses  thus  obtained  are  seen  to  be  greater  than  the  true 
excesses  given  in  Table  No.  77.  This  shows  that  every  piezometer 
within  the  region  of  distorted  flow  gives  too  low  an  indication.  And 
if,  as  seems  reasonable,  the  true  excess  loss  due  to  the  curves  has  been 
accumulating  throughout  the  whole  region  of  distorted  flow,  then  it  is 
evident  that  the  piezometer  nearest  the  P.  T.  gives  the  most  incorrect 
indications,  for  there  is  a  remarkable  constancy  in  the  excesses  indicated 
by  piezometers  situated  anywhere  in  the  region  of  distortion.  Until 
the  flow  has  become  entirely  normal,  however,  piezometric  indications 
give  misleading  results.  These,  in  some  cases  in  the  writers'  experi- 
ments, amount  to  an  indicated  excess  50%  above  the  true  excess. 

The  Detroit  Experiments. — It  seems  reasonable  to  expect  that  curve 
effects  in  largo  pipe  extend  as  far  as  in  small  pipe,  it  not  farther. 
Now,  the  writers'  experiments  show,  beyond  any  (juestiou,  that  condi- 
tions are  not  yet  normal  at  a  distance  of  100  diameters  down  stream 
from  a  curve.*  While  Pitot-tube  traverses  at  a  distance  of  181  diam- 
eters down  stream  from  Curve  No.  1  api)eared  to  be  synunetrical,  yet 
the  coefhcient  of  Tube  G,  obtained  from  these  traverses,  is  lower  tban  in 
cases  of  normal  flow  at  B  and  J.     From  this  it  is  judged  that  a  distance 

*  Experiments  by  Messrs.  A.  Adams  and  W.  E.  Wilson  in  The  Oollej:**  of  Civil  Enifi  - 
neering,  Cornell  University  (see  next  discussion,  p.  :«'>),  have  shown  tlmt  the  effect  of  a 
reducer  contraction  dies  out  between  17  and  35  diameters  down  stit-ani.  M.  Bazin's 
experiments  on  32-in.  pipe  show  that  the  effects  of  an  euti-ance  contractinn  pnK-tioally 
disappear  between  25  and  50  diameters  down  stream. 
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Messrs.  Saph  of  at  least  200  diameters  of  clowu-stream  tangent  is  required  before 

and  Schoder.  pjggometric  indications  become  reliable.     It  thus  appears  that  most 

of  the  authors'  values  for  excess  loss  of  head  due  to  curves  are  too 


high. 


TABLE  No.  78. 
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The  points  which  have  the  most  influence  in  determining  the  form 
of  the  curve  given  by  the  authors  in  Fig.  90,  are  those  obtained  from 
30-in.  pipe.  Concerning  these  30-in.  curves,  a  reference  to  Fig.  23 
will  show  that  not  only  are  the  down-stream  piezometers  too  close  to 
the  curves,  but  that  the  uji-stream  piezometer  is  in  most  cases  affected 
by  the  preceding  curve.  The  effect  is  to  make  both  piezometers  read 
low,  but  by  different  amounts. 

For  these  curves,  the  basis  of  calculation  seems  to  be  wrong.  The 
excesses  were  compared  to  the  loss  in  the  preceding  tangent,  except 
in  two  cases  where  the  mean  of  the  following  tangent  and  the  second 
preceding  tangent  was  taken,  all  of  which  are  probably  too  low.  This 
means  that  the  percentage  excesses  obtained  are  too  high. 
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The  high  losses  which  were  obtained  in  curve  sections  affected  by  Messrs.  saph 
preceding  curves  may  be  due,  also,  in  large  part,  to  the  fact  that  there  *°^  Schoder. 
is  in  every  case  a  reversal  of  curvature.  Both  the  authors'  and  the 
writers'  experiments  have  shoAvn  that  the  effect  of  a  curve  is  to  shift 
the  maximum  velocity  toward  the  convex  side  of  the  curve,  and  that 
this  distorted  flow  extends  a  considerable  distance  down  stream.  Now, 
when  the  water  approaches  a  curve  with  the  maximum  velocity  on  the 
opposite  side,  one  would  naturally  expect  a  higher  loss  of  head  than 
if  normal  conditions  existed  in  the  up-stream  tangent.  This  higher 
loss  cannot  justly  be  attributed  to  the  single  curve. 

There  are  only  two  exjjeriments  on  16-iu.  curves.  Both  of  these 
would  be  expected  to  give  high  excesses;  the  Porter  Street  and  Cavalry 
Avenue  curve  chiefly  on  account  of  the  down-stream  piezometer,  and 
the  Cavalry  Avenue  and  Army  Avenue  cnrve  chiefly  on  account  of  the 
reversal  of  curvature  effect.  In  addition,  both  were  compared  with 
the  Army  Aveuue  tangent,  which  is,  undoubtedly,  aflected  by  the 
l^receding  curve. 

Considering  the  12-in.  experiments,  the  down-stream  piezometers 
are  in  all  cases  too  close  to  the  curves.  Curve  No.  16  is  the  most  inter- 
esting of  all,  because  it  is  the  curve  of  the  shortest  radius  in  the  whole 
series,  and  because  it  is  the  one  which  determines  the  upward  turn  of 
the  plotted  curve  in  Fig.  90.  While  this  curve  may  be  affected  by  a 
gate  a  short  distance  up  stream,  any  corrections  made  on  that  account 
would  have  to  be  made  on  Curve  No.  9,  as  well.  The  corrections  for 
these  gates  would  still  farther  reduce  the  excesses  obtained  by  the 
authors.  Another  point  regarding  these  curves  is  that  the  up-stream 
piezometers  were  single  cori^oration  cocks  tapped  into  the  top  of  the 
pipe,  while  the  down-stream  piezometers  were  special  castings  of  the 
ring  tyjje.  In  the  other  curves  J-in.  cocks  were  used  for  both  up-stream 
and  down-stream  piezometers.  It  is  quite  evident,  from  experiments 
by  the  writers,  that  a  single  jjressure  connection  on  the  top  of  a  pipe 
just  beyond  a  curve  communicates  a  lower  jiressure  than  a  ring  piezom- 
eter at  the  same  point.  A  reference  to  Fig.  122,  or  to  any  of  the 
vertical  traverses  made  by  the  writers,  within  the  region  of  distorted 
flow.  Fig  125,  will  show  that  the  wall  velocity  at  the  top  aud  bottom 
is  greater  than  the  mean  of  any  other  two  opposite  points.  In  other 
words,  the  jjressure  at  the  top  is  less  than  the  mean  wall  pressure. 
Hence,  a  comparison  of  the  indications  for  Curves  Nos.  9  and  Ifi  with 
Curves  Nos.  11,  12  and  15  is  not  justifiable. 

Excess  losses  in  the  Writers'  Experiments.  —The  total  excess  losses 
of  bead  due  to  curves,  as  found  by  the  experiments  of  the  writers,  and 
given  in  Table  No.  77,  show  no  tendency  to  follow  any  simple  law. 
When  plotted  as  percentages  of  the  loss  in  80  diameters  of  straight 
pipe  under  normal  conditions,  the  plotted  points  give  no  suggestion 
of  the  authors'  curve  given  in  Fig.  90.     Nor  do  the  percentages  so 
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Messrs.  Saph  obtained  amount,  in  any  case,  to  more  than  a  very  small  fraction  of 

and  Schoder.  ^^^^^  obtained  by  the  authors. 

It  seems  improbable  that  a  revision  of  the  authors'  data,  if  possible, 
would  lower  the  calculated  excesses  to  the  neighborhood  of  the 
writers'  values. 

The  Losses  Occurring  in  the  Curve  Itself. — When  the  Pitot  tube  tra- 
verses in  Curve  No.  1,  referred  to  in  connection  with  Fig.  124,  were 
made,  a  triple  gauge  was  used,  the  third  column  being  attached  to  the 
ring  piezometer  at  B  (0.650  ft.  up  stream  from  the  P.  C. ).  By  this 
means  the  variation  in  i^ressure  around  the  curve,  as  shown  by  the  ring- 
pressure  oj^enings  of  the  tube  during  the  traverses,  was  obtained. 
These  pressure  traverses,  as  they  may  be  termed,  showed  that  wherever 
the  velocity  was  highest  the  pressure  was  lowest,  and  vice  versa.  How- 
ever, the  difierence  between  the  velocity  heads  at  any  two  points  in  the 
same  cross-section  was  not  equal  to  the  corresponding  difference  of 
pressure  heads,  as  shown  by  the  pressure  openings  of  the  tube.  The 
pressure  traverses  were  taken  on  all  the  bosses  on  Curve  No.  1,  but  as 
the  exact  nature  of  the  distortion  at  each  was  not  known,  except  by  a 
comparison  of  the  horizontal  traverses  with  normal  conditions  and  with 
Fig.  122,  it  was  impossible  to  make  a  close  approximation  to  the  sum- 
mation of  pressures  throughout  the  cross-sections.  By  applying  the 
mean  of  two  corresponding  points  on  opposite  sides  of  the  center  to 
the  area  of  the  ring  passing  through  them,  and  summing  these  prod- 
ucts for  each  position  around  the  curve,  and  finally  summing  the 
differences  between  any  section  and  the  one  next  to  it,  a  remarkably 
close  check  was  obtained  on  the  observed  loss  of  head  between  the 
ring  piezometers  at  B  and  C     The  partial  differences  were  as  follows: 


Differences,  in)  j.  ^  J,  ti  J,  4  o 

double  centi- V  §  E;  Ss  §  S  S  S 

meters )  „•  o  o'  d  o'  d  6 

The  sum  of  the  differences  gives  5.31,  as  against  5.42,  the  observed 
head  for  B  C. 

Now,  it  has  been  shown  that  the  indications  of  a  piezometer  at  B 
are  lower  than  they  would  be  under  normal  conditions,  and  the  rela- 
tion just  pointed  out  indicates  that  the  same  is  true  of  the  indications 
of  horizontal  pressure  traverses.  Comparing  only  the  differences 
between  the  bosses  which  are  equally  spaced  around  the  curve,  it  w^ould 
appear  that  the  greatest  loss  occurs  between  Bosses  Nos.  2  and  5,  or 
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betweeD  45^  and  135"^.  But  such  a  comparison  is  hardly  just,  on  the  M»»«8rs.  Saph 
basis  of  the  present  knowledge  of  conditions  and  of  the  peculiar  action  ""<^  •'^*>'^«'^- 
of  the  Pitot  tubes  used. 

It  may  be  remarked  that  there  is  in  the  foregoing  a  suggestion  of  a 
method  for  finding  by  Pitot-tube  traverses  the  true  loss  of  head  between 
two  ijoints,  one  or  both  of  which  may  be  situated  in  places  of  abnor- 
mal flow. 

In  conclusion,  the  writers  desire  to  express  their  high  appreciation 
of  the  ever  ready  and  valuable  assistance  and  the  enthusiastic  interest 
of  Professor  Gardner  8.  Williams  throughout  the  whole  series  of 
experiments,  even  when  the  indications  seemed  to  be  directly  ojjposed 
to  the  findings  of  the  Detroit  experiments.  They  also  desire  to 
acknowledge  the  broad  liberality  at  all  times  shown  by  the  authorities 
of  the  College  of  Civil  Engineering  of  Cornell  Univci-sity,  in  their 
attitude  toward  the  experiments.* 

ARTHrK  Adams,  Jun.  Am.  Soc.  C.  E. ,  and  W.  E.  Wilson,  Esq.  (by  Messrs.  Adams 
letter). — At  the  suggestion  of  G.  S.  Williams,  M.  Am.  Soc.  C.  E. .  **"*  i»od. 
the  writers,  during  the  past  year,  have  conducted  a  series  of  experi- 
ments along  the  lines  described  in  this  paper;  in  general,  relative 
to  the  effect  of  obstructions  in  pipes  upon  the  flow  of  water  in 
them.  The  experiments,  however,  have  been  confined  entirely  to 
the  eff"ect  of  a  contraction  upon  the  distribution  of  velocities  within 
the  pipe-section,  and  have  been  carried  on  chiefly  in  a  pipe  of  2  ins. 
diameter. 

The  apparatus  used  was  a  part  of  that  in  the  Hydraulic  Laboratory 
of  Cornell  University.  The  water  supply,  system  of  piping,  form  of 
contractions,  and  means  for  the  accurate  measurement  of  discharge  by 
weighing,  are  all  described  on  pages  18  and  20.  The  plan  of  the  piping 
also  appears  in  Fig.  119.  In  the  present  case,  however,  the  piezome- 
ters shown  at  the  down-stream  end  of  the  curve  were  located  next 
below  the  contraction  at  the  inlet  of  the  2-in.  brass  pipe.  The  dis- 
tances of  the  several  piezometers  from  the  contraction,  both  in  feet 
and  in  diameters  of  pipe,  are  shown  in  Table  No.  79. 

In  addition  to  the  description  of  the  j)iezometer  given  on  page  20. 
and  in  Fig.  4,  it  is  to  be  observed  that  each  piezometer  has  two  open- 
ings in  the  same  diametric  plane,  and  at  right  angles  to  each  other, 
designated,  respectively,  as  the  "west"  and  "east"  sides  of  the 
piezometer.  Usually,  the  openings  have  been  located  so  as  to  admit 
of  nearly  vertical  and  horizontal  positions  of  the  tube.  The  angles  by 
which  they  differ  from  such  vertical  or  horizontal  positions  have  been 
measured,  and  are  recorded  in  Column  4  of  Table  No.  79.  The  Pitot 
tube  used  was  the  Cornell  Tube  No.  2,  or  Tube  E.  of  which  the  cali- 


*  The  data  of  these  observations,  in  their  original  form,  are  on  file  in  the  Hydraulic 
Laboratory  of  the  College  of  Civil  Engineering  of  Cornell  University,  together  with  much 
reduced  material  not  included  in  this  discussion,  where  they  are  open  to  examination  at 
any  time. 


i 
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Messrs.  Adams  bration  and  rating  curve  under  normal  conditions  are  given  in  Plate 
aud  Wilson,  j  The  gauge  was  a  differential  gauge,  designated  by  tlie  authors  as 
"  C double." 

The  method  of  procedure,  including  the  insertion  of  the  tube  into 
the  2-in.  pipe,  the  connection  to  the  gauges,  and  "traversing," 
are  described  on  page  12;  and  likewise,  on  page  21,  the  method  of  re- 
ducing the  rating  exijeriments  (except  that  in  obtaining  the  mean 
velocity  of  the  section,  F,„,  by  the  tube,  the  center  reading  has  been 
given  one  weight  by  the  writers,  instead  of  two  as  by  the  authors). 

The  writers  had  as  their  objects  in  these  experiments:  (1)  To  aid  in 
extending  the  scope  of  the  experiments  carried  on  at  Detroit;  (2)  to 
study  the  workings  of  the  Pitot  tube  under  other  than  normal  condi- 
tions; and  (3)  to  discover  if  the  velocities  in  pipes,  near  causes  of  dis- 
turbance, are  distributed  according  to  a  natural  law,  and  whether  that 
law  depends  upon  the  distance  of  the  point  of  observation  from  the 
disturbance.  After  presenting  the  experimental  data  obtained, 
together  with  the  numerical  and  graphical  reductions,  it  will  be 
attemjjted  to  show  that  such  a  law  as  mentioned  above  does  exist. 

In  Table  No.  79  are  given  the  final  results  of  the  traverses  in  the 
various  piezometers;  the  several  rediictions  leading  thereto  are  omitted, 
these  being,  as  pi-eviously  stated,  quite  similar  to  the  corresponding 
reductions  made  by  the  authors.  These  results  are  shown  grai^hically 
in  Fig.  128  with  an  accompanying  explanation.  Column  7  of  Table 
No.  79  contains  the  mean  velocity  of  every  traverse,  and  Column  8 
the  mean  velocity  for  the  corresjjonding  period,  as  obtained  by  weighing 
the  discharge.  The  center  velocity  by  Pitot  tube,  as  given  in  Column 
11,  is  the  mean  of  the  first  reading  at  the  center,  the  middle  reading 
at  the  center  taken  twice,  and  the  final  center  reading.  The  remain- 
ing columns  are  self-explanatory.  The  preceding  three  velocities  are 
denoted  by  F,,,,  U,  and  V^,  respectively. 

It  has  been  shown  in  this  paper  that  the  Pitot  tube  and  appurte- 
nances, under  normal  conditions  of  flow,  make  a  consistent  recorder 
of  velocities  existing  in  a  pipe.  By  normal  conditions  are  meant  the 
conditions  under  which  the  water  flows  through  a  pipe  line  undis- 
turbed by  any  obstruction.  Such  will  give,  for  any  section  where 
they  prevail,  a  constant  ratio  of  the  mean  velocity  of  the  section,  F„„ 
to  the  velocity  at  the  center,  F,,  the  latter  being  always  a  maximum 
for  the  section,  as  will  be  seen  upon  examining  the  traverses  in  Fig. 
128.  The  authors,  in  rating  the  Cornell  Tube  No.  2,  or  Tube  E,  in 
Piezometer  No.  4  in    the   2-in.  brass   pipe,    obtained   for   the   ratio, 

j^,  0.8139.  This  value,  as  will  be  shown  later,  was  the  result  of  exper- 
iments made  under  normal  conditions.  The  writers,  however,  have 
obtained  as  the  value  of  the  ratio,  -j^,  0.798,  this  being  the  mean  of 
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TABLE  No.  79. — Pitot-Tube  Traverses  BEiiOW  Contbaction. 
Pipe,  2.096  ins.  in  diameter. 
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Messrs.  Adams  the  observations  made  in  all  the  iiiezometers  included  in  normal  flow. 

and  Wilson,    rjj^g  apparent  discreijancy  between  the  two  is  exjDlained  by  the  fact 

that  the  authors,  in  computing  the  mean  velocity  of  the  section,  F„,, 

have  used  the  mean  center  velocity,    F^.,   twice,   whereas  the  writers 

have  used  it  but  once,  which,  of  course,  decreases  the  ratio, -:^"',  since 

the  maximum  velocity  of  the  section  is  at  the  center,  one  of  the  condi- 
tions of  normal  flow.  Considering  the  traverses  of  the  latter  in  Pie- 
zometer No.  4,  and  using  the  center  velocity  twice,  the  resulting  ratio, 

y- 

^,  is  0. 804,  and  in  Piezometer  No.  6,  it  is  0. 808,  or  a  mean  of  the  two  = 

'  c 

0.806,  which  checks  closely  with  the  authors'  value.  They  obtain  for 
Tube  E,  in  Piezometer  No.  4  (see  Table  No.  4),  a  value  of  0.808.  It  is  to 
be  remarked  that  the  writers,  in  bringing  forward  this  question  of  the 
weight  of  the  center  velocity,  do  not  contemplate  a  contradiction  of  the 
authors'  method  of  finding  the  mean  velocity  of  section,  F„, ;  for  one 
of  them,  Mr.  G.  S.  Williams,  has  given  the  writers  reasons  sufficiently 
good  to  warrant  using  V^  twice;  but  as  the  error  introduced  in  either 
case  is  practically  the  same,  one  method  giving  an  excess  and  the  other 
a  deficiency,  the  latter  have  made  their  computations  on  a  one-weight 
basis;  but  the  above  point  is  advanced  in  order  to  exjilain  the  differ- 

V 

ence  in  the  two  values  of  the  ratio,  -^.       The  value  of  the  writers' 

rating  coefficient  is  practically  the  same  as  that  of  the  authors, 
namely,    1.039,    as   compared   with    1.025,    the   authors'    value.      The 

former  is  larger  because  the  ratio,  -=- ,  increases  as  F^  (depending  as  it 

'  m 

does  ujjon  the  weights  given  the  individual  observations)  decreases. 
With  the  center  velocity  used  twice,  the  rating  coefficient  obtained  by 
the  writers  in  Piezometer  No.  4,  which  was  the  piezometer  in  which 
the  authors'  rating  experiments  for  Tube  £"  were  carried  on,  is  1.028. 

Under  conditions  rendered  abnormal  by  a  contraction,  the  Pitot 
tube  is  as  consistent  a  measurer  of  velocities  in  a  pipe  as  under  normal 
conditions.  This  consistency  of  measurement  depends  upon  the  con- 
stancy of  its  rating  coefficient.  In  order  to  investigate  this  constancy 
of  coefficient  under  abnormal  conditions,  the  writers  have  plotted  the 
observations  in  Fig.  129,  the  abscissas  of  which  are  the  mean  velocities 
of  the  section  by  tube,  F„„  and  the  ordinates  the  mean  velocities  by 
weight,  U,  of  the  corresponding  traverses.  These  are  plotted  sepa- 
rately for  each  piezometer,  whether  it  be  located  at  points  where  nor- 
mal or  abnormal  conditioos  prevail.  The  numbers  opposite  the  points 
refer  to  the  number  of  the  traverse  as  given  in  Table  No.  79.  A  line 
connecting  the  points  for  any  one  piezometer,  it  is  seen  at  once,  would 
practically  coincide  with  the  straight  averaging  line  which  is  drawn  in 
the  figure.     Since  such  a  graphic  treatment  has  been  assumed  through- 
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DISTRIBUTION  OF  VELOCITIES  IN  2-INCH  BRASS  PIPE  SHOWING 
EFFECT  OF  CONTRACTION  AT  INLET. 
Diameter  of  Pipe=2.006  ins.  =0.1717  ft.      Open  Circles  represent  Eaiit   and  Filled  Circles  Wi-«t  Travene*. 
Numbers  of  Travei-ses  correspond,  to  Table  No.  79      Scale  of  Velocities =)i  Scale  of  Diameters. 
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out  the  paper  and  discussions,  to  determine  definitely  the  constancy 
'and^Wilso*™^  of  the  Pitot-tube  rating  coefficient  the  evidence  is  conclusive  that  the 
Pitot  tube  and  appurtenances  are  a  consistent  recorder  of  velocities 
in  a  pipe  under  normal  and  abnormal  conditions  alike,  as  long  as  the 
distortion  is  symmetrical  with  resjject  to  the  axis  of  the  pipe. 

It  is  to  be  noted  that,  under  abnormal  conditions  produced  by  a  con- 
traction, the  rating  coefficient  is  1.017,  being  the  mean  of  the  values  for 
Piezometers  Nos.  7,  8,  9,  and  6  (see  Table  No.  79);  whereas,  under 
normal  conditions  the  coefficient  1.039  is  but  little  larger,  the  diflference 
being  2.1  per  cent. 

Upon  examining  the  traverses  in  the  2-in.  pipe,  as  shown  in  Fig. 
128,  it  is  seen  that  an  averaging  curve  dra^\1l  through  the  points  of  obser- 
vation m  any  one  traverse  taken  in  Piezometer  No.  7,  which  is  the  one 
nearest  the  contraction  of  the  5-in.  into  the  2-in.  pipe,  is  very  much 
flatter  than  a  similar  curve  drawn  through  the  points  of  observation  of 
a  traverse  with  velocities  approximately  equal  to  those  in  question  in 
Piezometer  No.  4,  which  is  5.82  ft.,  or  33  diameters,  farther  away  from 
the  contraction.  Furthermore,  it  is  seen  that  the  velocity  distribution 
curve  elongates  gradually  in  the  direction  of  the  pipe  axis,  as  the  jioint 
of  observation  moves  away  from  the  contraction.  In  order  to  show  that 
this  change  in  form  is  a  regular  one,  the  writers  have  plotted  a  curve, 
Fig.  130,  with  the  distances  of  the  piezometers,  or  points  of  observa- 
tion, from  the  contraction,  in  diameters,  as  abscissas  (a  diameter 
measurement  being  the  ratio  of  the  distance  of  the  point  of  obser- 

V 

vation  to  the  mean  diameter  of    the  pipe);   and  the   ratios,    -^',   as 

ordinates.  Examining  this  curve  and  Column  13  of  Table  No.  79,  it  is 
seen  that  the  flow  becomes  constant,  and  therefore,  as  may  reasonably 
be  concluded,  normal,  somewhere  between  Piezometer  No.  6  at  18  dia- 
meters, and  Piezometer  No.  4  at  35  diameters,  the  curve  as  drawn  in- 
dicating the  point  of  normal  flow  to  be  quite  near  the  latter  piezometer. 
Incidentally,  it  is  of  interest  to  observe  that  the  curve  produced  back 

to  intersect  the  y-axis  of  co-ordinates  gives  a  ratio  of  -^  =  1.000  at  0.0 

c 
diameters;  that  is,  the  surface  representing  velocity  distribution  in  the 
pipe,  as  the  flow  passes  the  contraction,  is  flat. 

It  will  be  noticed  m  Fig.  119  that  a  cylindrical  regulator,  13.62  ins. 
in  diameter,  was  located  at  the  head  of  the  5-in.  pipe  leading  to  the 
2-in.  pipe,  in  which  the  foregoing  experiments  were  carried  on,  thus 
forming  a  contraction  and  an  obstruction  to  the  water  flowing  into  the 
former  pipe,  and  producing  abnormal  conditions  in  it.  To  prove  that 
this  abnormal  flow  in  the  5-in.  jnpe  is  eradicated,  and  that  normal  con- 
ditions again  prevail  before  the  water  filaments  arrive  at  the  contraction 
into  the  2-in.  pipe,  which  fact,  otherwise,  might  affect  the  observations 
in  the  latter,  the  writers  made  eleven  traverses  in  the  former,  four  in 
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Messrs.  Adams  each  of  two  of  the  piezometers,  and  three  in  the  third.  The  observations 
and  Wilson.    ^^  ^j^^  inlet  piezometer,  0.4  diameter  from  the  regulator  contraction, 
V 
give  the   ratio -^7?^  a  value   of   0.87;  and  at  the  piezometer  40  diame- 

c 

ters,  and  also  the  jjiezometer  48  diameters,  from  the  inlet,  a  value  of 
0.80.  That  is,  the  flow  becomes  constant,  and  normal  conditions  pre- 
valent, in  the  5-in.  pipe  before  it  reaches  a  point  40  diameters  from 
the  regulator  contraction,  and  accordingly,  the  water  filaments  enter  the 
contraction  into  the  2-in.  pipe  in  an  undisturbed  state  of  equilibrium. 
This,  also,  corroborates  the  results  cited  in  regard  to  normal  flow  in 
the  2-in.  jjipe. 

From  the  data  at  hand  there  is  no  evidence  that  the  higher  the 
velocity  the  greater  is  the  tendency  to  eradicate  any  distortion  from  the 
normal  distribution  as  induced  by  a  contraction,  when  any  particular 
point  of  observation  is  considered,  i.  e.,  at  the  same  distance  from  the 
contraction.  In  other  words,  at  first  thought,  it  might  be  expected  that 

as  the  velocity  increased,  the  ratio     —  would    decrease.      Examining 

the  traverses  in  those  piezometers  past  which  the  water  flows  with  an 
abnormal  distribution  of  velocities  (see  Table  No.  79),  it  is  seen  that 

the  ratio,   -~,  for  the  highest  velocity  in  Piezometer  No.7, 0.961  for  6.060 

c 

ft.  per  second,  is  greater  than  the  mean,  0.938,  for  that  piezometer;  and 
that  in  each  of  the  other  three  piezometers  the  ratio  for  the  respective 
maximum  velocity  is  less  than  the  mean  for  the  piezometer.  More- 
over, it  is  to  be  noticed  that  the  ratios  have  no  uniformity  whatever 
in  the  change  of  their  values  as  the  velocity  decreases  from  the  maxi- 
mum.    Hence,  it  is  quite  improbable  that  a  greater  range  in  velocities 

V 
would  affect  the  foregoing  statements  concerning  the  ratios  -=^    and 

'  c 

jf—,  the  vaiiations  in  the  table  being  probably  due  to  experimental 

errors. * 

Unless  different  forms  of  contraction,  pipes  of  different  material  or 
condition,  and  different  temperatures  of  water  affect  the  flow  enough 
to  produce  results,  other  things  being  equal,  appreciably  different 
from  the  above,  which  is  doubtful,  the  statement  can  safely  be  made 
that  in  the  smaller  pipes,  up  to  at  least  5  ins.  diameter,  the  water  fila- 
ments disturbed  from  equilibrium  by  a  contraction  in  the  pipe  line, 
attain  equilibrium  again  after  passing  a  point  35  diameters  from  the 
disturbance;  and  in  such  pipes  the  mean  velocity  of  the  flow,  at  any 
section  where  normal  conditions  prevail,  is  about  80^i(  of  the  maximum 
velocity  at  the  center  of  that  section. 

*  A  table  giving  these  observations  in  detail  is  on  file  in  the  Library  of  the  Society 
and  the  original  notes  are  in  the  custody  of  the  Hydraulic  Laboratory  of  the  College  of 
Civil  Engineering  of  Cornell  University. 
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M.  Bazin,  in  his  discussion  on  this  paper,  presents  a 
traverses  made  in  a  pipe  31.496  ins.  in  diameter;  at  the  head  of  it  is  a 
contraction  from  a  large  chamber  into  the  31] -in.  pipe. 

In  order  that  a  proper  determination  of  the  discharge  may  be  ob- 
tained from  these  experiments,  it  becomes  necessary  to  obtain  a  value 
for  the  velocity  at  the  wall  of  the  jjipe,  which  was  not  observed,  the 
nearest  obsei-^-ation  thereto,  as  shown  by  Table  No.  68,  being  about 
1  in.  away. 

In  Table  No.  60,  however,  an  assigned  value  is  given  to  V^,  for  a 
mean  of  all  the  traverses  upon  various  diameters  at  any  one  shaft  and 
during  the  same  mean  velocity  of  flow;  these  values  are  not  the  results 
of  experiments,  but  are  obtained  by  M.  Bazin  from  his  velocity  distri- 
bution curves.  In  Table  No.  80  are  given  the  ratios  of  the  velocity  at 
the  perimeter,  F^,,  to  the  velocity  at  the  center,  V^,  the  values  for  both 
being  taken  from  Table  No.  60.     This  gives  at  Shaft  A  a  mean  ratio 


number  of  Messrs.  Adams 
and  Wilson. 


^  =  0.668; 


and   at   Shafts   B  and    C,   together,  0.634.      Shaft  .4  is 


considered  singly,  because  the  difference  in  the  value  of  this  i-atio 
shows  that  the  same  conditions  do  not  prevail  there  as  at  Shafts  B 
and  C. 


TABLE  No.  80. —Relation   op  Velocity   at   Wai.l  to  Velocity  at 
Centek,  in  M.  Bazin's  Expeiuments. 


Location. 

si:  II 

Ratio: 

Mean: 

Number 

'"H 

.2  «Z 

of  traverse. 

1 

Number 
of 

Number 
of  dis- 

SS 

.4. 

B  and  C. 

shaft. 

charge. 

1  and  4 

A. 

1 

1.249 

0.820 

0.657 

1 

2  and   5 

A. 

2 

1.665 

1.180 

0.678 

3  and   6 

B 

1 

1.246 

0.805 

0.6J6 

Mean 

.Mean 

7  and  10  

B. 

2 

1.706 

1.080 

o.ass 

=  0.668   1  =  U.08D 

8  and  11 

C. 

1 

1.271 

0.795 

0.626 

1 

9  and  12 

C. 

2 

1.721 

1.095 

0.686 

. 

J 

To  further  prove  that  the  flow  is  abnormal  at  Shaft  .4  and  approx- 
imately normal  at  Shafts  B  and  C,  the  writers  have  taken  the  mean 
velocity,  F,,,,  as  computed  by  M.  Bazin  from  his  traverses,  and  com- 
puted the  ratios  ^  (which  are  presented  in  Table  No.  81).  These 
results  likewise  indicate  by  the  high  value  of  the  ratios  at  Shaft  A 
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Messrs.  Adams  and  the  lower  and  nearly  equal  values  at  Shafts  B  and  C,  that  after 
and  Wilson,    pg^ggj^g  Shaft  A,  and  before  reaching  Shaft  B,  the  flow  changes  from 
an  abnormal  to  a  nearly  normal  state,  this  change  occurring  between. 
25  and  50  diameters  from  the  contraction. 

V 
TABLE  No.  81. — Effect  of  Distortion  on  Katio  ^',  in  M.  Bazin's 

c 

Experiments. 


i 

Location  of  Traverse. 

Distance  of  shaft 
from  contrac- 
tion,   in    diam- 
eters. 

Velocil  y  at  center, 
Fp,   in  feet  per 
second. 

Velocity  at  peri- 
meter of  pipe, 
in  feet  per  sec- 
ond. 

='6 

^^$ 

•5  a 

o  ^ 

>  £  . 

3.635 
3.478 
3.566 
3.635 
3.478 
3.566 
4.876 
4.830 
4.849 
4.876 
4.830 
4.849 

5 

a 

O 

OS* 

■2  .a 

3-- 

5o 

o 

1 

A 
B 
C 
A 
B 

S 

B 
C 
A 
B 
C 

1st 
1st 
1st 
1st 
1st 
1st 
2d 
2d 
2d 
2d 
2d 
2d 

Vertical 

Vertical 

Vertical 

Horizontal 

Horizontal 

Horizontal 

Vertical 

Vertical 

Vertical 

Horizontal 

Horizontal 

Horizontal 

25.6 
50.6 
75.6 
25.6 
50.6 
75.6 
25.6 
50.6 
75.6 
25.6 
50.6 
V5.6 

4.085 
4.104 
4.167 
4.085 
4.104 
4.167 
5.449 
5.600 
5.636 
5.449 
5.600 
5.626 

2. 042 
1.847 
1.875 
2.042 
1.847 
1.875 
2.735 
3.530 
3.532 
2.735 
3-530 
3.532 

0.890 

2 

0.847 

3 

0.856 

4 

0.890 

5 

0.847 

6 

0.856 

7 

0.894 

8 

0.861 

9 

0  863 

10 

0.894 

11 

0.861 

12 

0  863 

Mean  Ratios,  — -:  at  A,  0.893;  at  B,  0.854;  at  C,  0.859. 


Mr.  Edward  S.  Cole  has  also  furnished  some  interesting  data  in 
regard  to  the  distribution  of  velocities  in  pipes.  Examining  the  plan 
of  his  system  of  experimental  piping,  Fig.  105,  and  remembering  that, 
according  to  Messrs.  Saph  and  Schoder  (page  316),  the  influence  of 
curvature  extends  considerably  more  than  100  diameters  down  stream, 
not  to  mention  the  effect  of  expansions  (which,  likely,  is  akin  to  that  of 
contractions),  it  is  to  be  noted  that  in  only  one  instance  is  it  probable 
that  normal  conditions  would  prevail  at  the  various  points  of  observa- 
tion. In  the  4:-in.  pipe,  it  has  been  learned  that  the  traverse  was  made 
about  18  ft. ,  or  5 1  diameters,  from  a  90^  curve,  which  precludes  the  flow 
being  normal  at  that  point,  for  the  reason  already  stated,  together 
with  the  authors'  own  statement  in  regard  to  the  influence  of  curva- 
ture.    Fig.  108  confirms  the  presence  of  this  abnormal  distribution; 

hence  it  is  not  fair  to  compare  Mr.  Cole's  ratio,  -^^  (where  V^  in  this 

case,  as  well  as  the  others  included  in  Mr.  Cole's  work,  has  been  cor- 
rected by  introducing  the  coefficient  of  the  tube)  of  0.936  with  the 
ratios  under  normal  conditions  given  above.     In  the  6-in.  pipe  the 
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Messrs.  Adams  traverses  were  made  at  a  point  10  ft.,  or  20  diameters,  from  a  90° 
and  Wilson,  ^^^.^e^  which  Fig.  108  shows  to  have  produced  a  distortion  in  the 
velocity  distribution.  The  remarks  made  herein,  in  connection  with 
the  4-in.  pipe,  can  be  api^lied  to  the  6-in.  pipe.  The  data  and  ratios 
for  the  8-in.  pipe  are  omitted,  biit  Fig.  108  shows  quite  clearly  an  ab- 
normal distribution  of  velocities.  For  the  12-in.  pipe,  the  mean  ratio 
is  0.93,  which  indicates  that  the  center  velocity  is  either  not  a  maxi- 
mum or  is  less  than  normal.  The  traverses  were  made  about  10  ft. ,  or 
10  diameters,  from  an  expansion  and  about  60  diameters  from  a  90° 
curve,  and  may  be  considered  to  have  been  influenced  by  both  the  ex- 
pansion and  the  curve.  In  the  16-in.  pipe,  the  nearest  disturbance 
was  a  curve  400  ft.,  or  300  diameters,  up  stream.     From  Table  No.  69, 

the  ratio,  -^,  is  found  to  be  0.843,  and  seems  to  represent  normal  con- 
ditions. It  appears,  therefore,  that  the  most  of  Mr.  Cole's  experi- 
ments are  not  of  general  application,  other  than  to  illustrate  the 
danger  of  assuming  standard  conditions  in  a  pipe  too  near  disturb- 
ances having  the  character  mentioned  above,  and  the  errors  in 
measurement  likely  to  result  from  such  an  assumption. 

TABLE  No.  82. 


Y 
In  Table  No.  8  is  given  a  series  of  values  of  the  ratio,  -^,  in  pipes 

of  various  diameters,  where  normal  conditions  prevail.    In  attempting 

Y 
to  discover  if  this  ratio,  -^^ ,  is  different   for   different  diameters  of 

pipe,  and  if  its  change  is  a  uniform  one,  the  writers  have  prepared  Table 

No.  82,  in  which  are  collected  the  values  of  the  ratio  ^"-  for  all   the 

different  sized  pipes  mentioned  in  this  discussion,  omitting  the  cases 
of  low  velocities,  for  reasons  explained  by  the  authors,  and  a  mean 
found  for  each  set  of  experiments.     From  the  latter  table  Fig.  131  is 

plotted,  with  the  diameter  of  the  pipe  in  inches  as  abscissas,  and  -^ 
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as  ordinates.     This  curve  is  presented  in    order  to  show  that  it  is  MM«rs.  A<lain« 

rr  and  Wllwjn. 

hardly  probable  that   the   ratio,  ~-  ,  in  pipes  of  diflferent  diameters, 

is  the  same. 

The  writers  feel  that  from  the  experiments,  data,  and  computation 
herewith  jjresented,  they  can,  in  a  few  words,  state: 

1. — That  the  rating  coefficient  of  the  Pitot  tube  of  the  form  used  is 
constant  under  abnormal  conditions  i>roduced  by  a  contraction  as  well 
as  under  normal  conditions;  and,  further,  that  it  does  not  differ 
materially  under  either  set  of  conditions. 

2. — That  a  contraction  does  not  displace  the  maximum  velocity 
from  the  center  of  the  section. 

3. — That  a  contraction  in  a  pipe  line  produces  an  abnormal  distri- 
bution of  velocities  therein,  and  that  in  the  process  of  eradication  of 

V 

this  abnormal  distribution,  the  change  in  the  value  of  the  ratio,  -^-, 

is  regular;  and  that  normal  flow  is  again  attained  after  passing  a  point 

about  35  diameters  from  the  contraction. 

V 
4. — That  the  ratio,  ^f^,  for  small  pipe.s,  is  not  0.84,  which  is  stated 

by  the  authors  to  apjily  to  all  pipes. 

V 

5. — That   probably  the  ratio,  -t^>  increases  directly  as  some  func- 

tion  of  the  diameter  of  the  pipe. 

Gakdneb  S.  Williams,  M.  Am.  Soc.  C.  E. ,  Clare.nce  W.  Hwbbell,      Messrs. 
Assoc.  M.  Am.  Soc.  C.  E.,  and  George  H.  Fexkell,  Jun.  Am.  Soc.  C.  Hubwrand 
E.  (by  letter). — At  the  conclusion  of  the  paper,  the  writers  summarized     Fenkell. 
what  seemed  to  them  to  be  the  most  interesting  features  of  the  investi- 
gation, under  eleven  heads. 

Results  A,  B  and  B. 

The  Oil  Differential  G^aw^e.— Regarding  the  results  designated  as 
A,  jBand  D,  which  relate  particularly  to  the  apparatus  used,  although 
at  the  time  of  producing  their  instruments,  and  for  a  considerable 
period  thereafter,  the  writers  were  entirely  ignorant  of  the  fact,  it 
appears  that  the  oil  differential  gauge  was  invented  and  patented  by 
the  late  Henry  Flad,  Past-President,  Am.  Soc.  C.  E.,  of  St.  Louis,  in 
1885,  as  stated  by  Mr.  Sherman,  and  again  invented  in  1900  by  Mr. 
William  M.  White,  of  New  Orleans,  and  a  moditicatiou  of  it,  as  shown 
in  the  discussion,  was  used  by  Mr.  Edward  S.  Cole,  at  Terre  Haute,  in 
1896.  It  was  also  used  by  Professor  Frederick  W.  Sperr,*  in  Ohio, 
some  years  previous  to  these  experiments,  for  the  measurement  of  the 
flow  of  gas  in  pipes.  It  appears  that  these  several  inventions  of  the 
*  Of  the  Michigan  College  of  Mines,  Houghton,  Mich. 
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Messrs.  device,  as  well  as  that  of  the  writers,  were  entirely  independent  of  each 
Hubbeu'and  other,  unless  that  of  Mr.  Cole  was  connected  with  that  of  Mr.  Flad.  To 
Fenkeli.  ^-^q  writers  it  ajDpears  in  no  wise  surprising  that  so  useful  and  simple 
an  instrument  should  have  been  used  before,  and,  undoubtedly,  there 
are  other  instances  which  have  not  yet  come  to  their  attention;  but, 
daring  the  jn-ogress  of  the  experiments  described,  the  results  and 
the  apparatus  were  exhibited  to  a  large  number  of  engineers,  some 
of  them  among  the  most  eminent  in  this  particular  branch  of  the  pro- 
fession, and  it  does  seem  remarkable  that  none  of  them  should  have 
recalled  the  invention  of  the  apparatus  by  a  Past-President  of  this 
Society,  and  that  no  suggestion  of  its  previous  use  should  have  come 
to  the  writers  until  after  the  publication  of  this  jjaper. 

From  the  eviden,ce  to  be  gathered  from  such  reports  and  descrip- 
tions, of  the  use  of  the  oil  differential  gauge  by  others  than  the  writers, 
as  are  available,  it  apjjears  that  the  latter  were  the  first  and  only  ones 
to  appreciate  the  fact  that  the  coefficient  of  this  instrument  cannot  be 
obtained  from  the  specific  gravities  of  the  liquids  used.  As  shown  in 
Table  No.  14,  with  kerosene  and  water,  the  multiplication  of  the  scale 
reading  is  about  4:%  greater  than  is  accounted  for  by  the  difference  in 
specific  giavities,  and,  in  the  case  of  sj)erm  oil,  where  the  specific 
gravities  were  determined,  by  means  of  a  delicate  chemical  balance  and 
a  susjjended  weight,  much  more  accurately  than  would  be  possible 
with  an  hydrometer,  the  increase  in  the  factor  of  multiplication  was 
as  much  as  10  to  12  jjer  cent. 

This  increase  of  multiplication  seems  to  be  due  to  the  adhesion  of 
the  oil  to  the  glass,  and,  very  probably,  may  vary  with  the  size  of  the 
tube;  but,  as  in  the  wTiters'  experiments,  the  oils  were  calibrated  in 
the  respective  gauges  by  comparison  with  a  water  column,  it  was  not 
considered  necessary  to  investigate  the  matter  further. 

The  P'ttot  Tube. — The  foregoing  remarks  ajjply  also  to  the  Pitot 
tube.  No  previous  use  of  this  instrument  in  closed  pipes  was  known 
to  the  writers  at  the  time  of  beginning  these  exjieriments.  Their  sole 
knowledge  of  the  ajjplication  of  this  apparatus  was  obtained  from 
M.  Bazin's  memoir*  on  the  "liquid  Vein,"  and  the  "Experiments 
Relating  to  Hydraulics  of  Fire  Streams,"!  by  John  R.  Freeman,  M.  Am. 
Soc.  C.  E.,  although,  before  the  investigation  was  comjjleted,  they 
leai-ned  of  the  work  of  Darcy,  Darcy  and  Bazin,  and  Hiram  F.  Mills, 
and  also  of  that  of  Professor  S.  W.  RobinsonJ  on  the  Sangamon  River, 
in  Illinois,  as  well  as  other  occasional  experiments  more  or  less  satis- 
factory; most  or  all  of  which  last  were  made  iiuder  such  abnormal 
conditions  of  flow  as  to  render  them  useless  for  general  application. 

*••  Experiments  upon  the  Contraction  of  the  Liquid  Vein  Issuing  from  an  Orifice, 
ancl  upon  the  Distribution  of  the  Velocities  within  it,'  bv  H.  Bazin,  translated  by  John 
C.  T^aut^^^ne,  Jr..  Assoc.  Am.  Soc.  C.  E. 

+  Transactions,  Am.  Soc.  C.  E..  vol.  xxi,  p.  303. 
Van  Nostrund's  Engineering  Magazine,  1878. 
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The  claims  for  accuracy  and  applicability  of  tbo  Pitot^  tube  Lave      Me«8rB. 
been  opposed  by  Mr.  Henry,  Mr.  Horton  and  Mr.  Kuichling.  Hubbefaad 

Mr.  Henry  objects  to  the  rubber  connecting  Lose  used  l)y  the  '^*'°''*"- 
writers,  and  to  the  absence  in  their  work  of  the  cocks  at  the  V)ottom  of 
the  old  Darcy  gauge.  He  also  criticises  the  velocity  curves,  and 
claims,  apparently,  that  better  results  could  have  been  obtained 
by  the  use  of  the  current  meter.  If  the  last  be  the  case,  the  exjjcri- 
ence  of  the  writers  with  that  instrument  for  some  years  has  been  mis- 
leading, and  the  plot  tings  of  Mr.  Henry's  observations  in  the  Chicago 
Tunnel,  the  data  of  which  have  been  kindly  fiirnished  by  him,  fail  to 
show  more  consistent  or  symmetrical  results  than  do  the  tube  observa- 
tions of  the  writers  at  considerably  lower  velocities.  But,  even  grant- 
ing Mr.  Henry's  claim  for  his  instrument,  the  problem  of  its  insertion 
in  the  pipe  line  remains  to  be  solved. 

Regarding  the  writers'  traverses  at  low  velocities,  all  of  which  show 
marked  irregularities,  it  should  be  stated  that  for  reasons  contingent 
upon  the  conditions  at  the  pumping  station,  the  high  velocities  were 
run  in  the  early  morning  and  the  low  ones  in  the  evening  and  late 
morning,  so  that  the  latter  were  always  aflfected  by  a  much  greater 
consumption  of  water  in  territory  beyond  the  experimental  line  than 
were  the  former;  and,  at  the  low  velocities,  the  effect  of  even  the  same 
consumption  would  have  been  much  greater. 

The  use  of  rubber  hose  by  M.  Bazin  seems  to  relieve  the  writers  of 
Mr.  Henry's  criticism  for  not  having  used  the  more  cumbersome  lead 
pipes  which  Darcy  adopted  before  the  days  of  three-ply  cotton-inser- 
tion tubing;  and  the  writers  believe  the  use  of  shut-off  cocks  on  vibrat- 
ing columns  to  be  likely  to  introduce  considerable  error.  It  is 
interesting  to  note,  here,  that  the  vibrations  in  the  gauges  were  not 
in  opposite  phases  in  the  two  tubes,  but,  ordinarily,  the  upward 
vibrations  took  place  simultaneously  in  V)oth  columns,  and  were 
probably  due  to  the  effect  of  the  pumps.  In  Tal)lo  No.  75,  Messrs. 
Saph  and  Schoder  present  a  series  of  comparisons  between  the  dis- 
charge obtained  by  the  Pitot  tube  and  that  obtained  by  weighing  the 
water  delivered  under  various  conditions.  This  table  affords  a  criterion 
of  the  accuracy  of  the  instrument  as  a  meter,  which  the  writers  stated 
to  be  as  great  as  that  of  any  other  device,  except  the  graduated  tank 
and  the  weighing  scale.  In  this  table,  for  conditions  of  normal  How 
at  velocities  above  1.17  ft.  per  second,  which  seems  to  be  the  limit  of 
accuracy  of  the  water-column  gauge  used  by  the  observers,  the  mini- 
mum differences  of  the  columns  being  then  about  A"  in.,  there  are  pre- 
sented thirty -six  traverses.  The  data  of  these  are  abstracted  in  Table 
No.  83,  with  those  from  twenty-one  experiments  with  a  '2-iu.  Veuturi 
meter,  made  by  the  same  observers,  at  the  Hydraulic  Lal)oratory  of 
the  College  of  Civil  Engineering,  Cornell  University. 
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TABLE  No.  83.  — Comparison  of  Ebkoes  of  Pitot  Ttjbes  and 
Venturi  Meteb. 


Instrument. 


(1) 


Tube  E,  point  and  ring 

"    Fr     "       "      "    

"     Gr     "       "      "    

"     F       "       "    pressure 

"     G 

All  tube  experiments 

2-in.  Venturi  meter,  bear  curve. 
2-in.  •'  normal  flow. 
All  meter  experiments 


U  0; 
.D.S 

2.  ^ 


(3) 


Range  of: 


True  mean 

velocity,  U. 

feet  per 

second. 

(3) 


1.172 
2.699 
2.618 
2.699 
2.618 
1.172 
0.400 
0.400 
0.400 


Coefficient: 


(*) 


to  5.053  0.989  to  1 

"  4 


220  1.004 
922  0.973 
031 ; 0.847 
922!o.H45 

0531 

87l|0.942  "  0.935 
721  0.932  "  0.974 
871  0.932  "  0.985 


1.007 
0.993 
0.859 
0.869 


SEN 


(5) 


1.015 
1.011 
0.984 
0.854 
0.858 


0.967 
0.960 
0.965 


Percentage 

of  variation 

from 

U    . 
mean  r= — 


(6) 


-2.6  to +1.8 
0.6"  4-0.6 


—  1.0' 

—  0.8' 

—  1.5' 

—  2.6  ' 

—  3.6' 

—  2.9' 

—  3.4' 


+  0.9 
+  0.6 
+  1.3 
+  1.8 
+  1.8 
+  1.5 
+  2.1 


In  these  experiments  with  the  Venturi  meter  the  readings  were 
taken  with  a  mercury  differential  gauge,  the  smallest  reading  of  scale 
differences  being  about  0.06  in.,  which,  owing  to  the  clearer  meniscus 
with  mercury,  would  be  read  with  about  the  same  accuracy  as  0.10  in. 
in  water,  riders  and  markers  being  used  in  both  cases,  so  that  the 
foregoing  comijarison  seems  to  be  a  fair  one.  The  Venturi  was 
experimented  upon  in  two  positions,  one  with  the  inlet  0.756  ft.  from 
the  outlet  of  Curve  No.  1,  Fig.  119,  and  the  other  36.725  ft.  down 
stream  from  the  P.  T.  of  the  same  curve. 

It  will  be  seen  that  changing  the  position  of  the  instrument 
changed  its  coefficient  about  1%  all  through  its  range,  due  apparently 
to  the  different  distributions  of  velocities  in  the  preceding  pipe. 

The  weir,  the  current  meter,  the  water  meter,  and  the  nozzle  are 
the  only  -other  devices  to  be  compared  with  the  Pitot  tube,  and  the 
results  obtained  with  the  first  three  are  rarely  if  ever  better  than  those 
presented  herein,  and  two  of  them  are  not  directly  applicable  to  the 
flow  of  water  in  pipes.  The  nozzle  may  perhaps  give  somewhat  better 
results,  but  is  limited  to  comparatively  small  streams.  It  seems, 
therefore,  that  the  writers'  conclusion,  that  the  Pitot  tube,  properly 
rated,  and  in  the  hands  of  a  skilled  observer,  is  as  accurate  as  any 
other  device  for  measuring  water  in  a  closed  conduit,  excejjt  the  scale 
and  tank,  is  fairly  sustained. 

The  simplicity,  xjortability,  low  cost  of  construction,  and  ease  of 
application  should  make  this  apparatus  a  highly  valuable  instrument 
for  occasional  observations,  either  in  o^sen  or  closed  channels,  and  it 
may  also  be  found  useful  in  establishing  the  proper  coefficient  to  use 
with  Venturi  meters  which  have  been  set  so  as  to  receive  streams 
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having   velocities  which  are   distributed   abnormally,    and  others  to      Messrs. 
which  the  ordinary  coefficients  may  not  apply.  Hubb^Und 

The  insignificant  effect  of  small  errors  in  pointing,  as  will  be  ^^'>'f*"- 
shown,  makes  extreme  care  in  setting  the  instrument  in  large-pipe 
work  unnecessary;  and,  in  the  Detroit  experiments,  it  was  found 
possible,  when  traversing,  to  occupy  one  position  a  minute,  so  that, 
counting  three  observations  on  center,  a  30-in.  traverse  was  made  in  28 
minutes.  Comparisons  of  such  traverses  with  those  in  which  3-minute 
observations  were  taken  on  each  point  show  the  former  to  be  nearly  as 
reliable;  as,  for  instance,  Traverse  No.  7,  in  Table  No.  8,  made  by  the 
latter  method,  gave  a  mean  velocity  of  2.>'08  ft.,  and  Traverse  No.  21, 
made  by  the  former  method,  under  the  same  conditions,  one  week 
later,  gave  a  mean  velocity  of  2.806  ft.  per  second. 

Result  E. 

Rating  Methods. — [Tnder  the  headings  C,  E,  F,  d  and  H  there  were 
set  forth  certain  conclusions  quite  intimately  related,  and  referring 
in  general  to  those  jjortions  of  the  paper  dealing  with  the  measure- 
ment of  velocity.  Of  these,  Conclusions  E  and  F  are  very  closely 
connected,  and  will  be  considered  first.  Against  the  former,  that 
ratings  of  the  Pitot  tube  by  dragging  it  through  still  water  do  not 
coincide  with  those  obtained  when  the  instrument  is  stationary  and 
the  water  flows  past  it,  criticisms  have  been  raised  as  follows: 

By  Mr.  Murjjhy:  That  the  wide  variation  from  the  mean  of  the 
coefficients  of  individual  observations  in  the  open-trough  ratings 
leads  to  the  supposition  that  either  the  velocity  was  not  uniform,  or 
that  a  motion  was  imparted  to  the  water  in  the  trough,  and  that,  by 
reason  of  more  consistent  results  obtained  in  ratings  of  other  instru- 
ments iu  open  channels  over  a  straight  course  than  are  shown  in  the 
pipe  ratings  of  the  tubes,  the  open-channel  method  of  rating  seems 
preferable. 

By  Mr.  Henry:  That  the  angle  of  obliquity  of  impact  caused  low 
readings  in  the  open -trough  ratings. 

By  Mr.  Frizell:  Who  suggests  that  possibly  the  efJect  of  centri- 
fugal force  was  overlooked  in  the  trough  rating. 

The  extension  of  this  Conclusion  E  to  current  meters  has  been 
suggested  by  Mr.  Wisner,  partially  endorsed  by  Mr.  Horton,  and 
contested  by  Mr.  Haskell. 

Mr.  White  has  presented  valuable  data,  from  which  he  concludes 
that  neither  this  nor  the  following  Conclusion  F,  that  all  tubes  must 
be  rated,  applies  except  to  certain  forms  which  he  considers  unsuited 
for  general  use. 

From  the  data  contained  in  these  several  discussions  and  the 
original  paper.  Table  No.  84  has  been  compiled. 
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Messrs.     TABLE  No.  84.— CoMPAKisoN  OF  Still  and  Ru>-sing-Watee  Eatings. 

VTilliams, 

Hubbell  and ^^__^__^_^__-_^_^ 

Fenkell.      — 


Instrument. 


(1) 


Authority. 


(2) 


Tube  No.  5. 


3... 


Writers. 


Method  of  rating. 


(3) 


COEFFICIEKTS:       ® 

C 

1    ^ 


(*) 


0.859 


0.950 


Still  water,  open  circumferen- 
tial trough 

Flowing  water,  in  16  and  30-in. 
pipe • 

Still  water,  open  circumferen- 
tial trough 

Flowing  water,  in  30-in.  pipe. . 

j Still  water,  open  circurnreren- 

I    tialtrough ,    0.926 

Flowing  water,  in  2,  5  and  12- 

I    in.  pipe : i 

[Flowing  water,  in  5  and  30-in.; 

pipe I 

'Still   water;    straight   course,! 

I    with  boat I    0.831 

Darcy  tube.  Darcy and Bazin.  Still    water:    straight   course,! 

with  boat 1.034 

Open  channel,  flowing  water, 
by  floats 

Open  channel,  flowing  water, 
by  weir 

Still   w-ater;    straight   course, 
with  boat 

Open  channel:  flowing  water, 
by  float 

Still   water;    straight   course, 
with  car 

Open  channel;  flowing  water: 
by  weir 


(5) 


ilk 


o 

u 

(6) 


1 


0.75  J 
0. 


Haskell! 

meter f 

Haskell! 

meter \ 

Price  meter. . 


HaskeU. 


Haskell. 


Murphy. 


0.89  J 
0.80    J. 

I 

J 

1 

1.003  j" 
0.9961 


+14.5 
+13.1 

+  4.0 

+  3.9 

+  3.4 


,J  !    +0.35 

V 


+1.47 


From  this  it  appears  tliat  in  every  case,  both  for  tubes  and  current 
meters,  the  rating  in  still  water  gave  the  higher  coefficient,  however 
the  respective  ratings  were  made.  This  being  the  case,  it  seems  to 
the  writers  that  such  differences  are  not  accidental,  and,  in  most 
cases,  they  are  too  great  to  be  overlooked. 

Effect  of  Ohliqnifi/. — Considering  now  the  effect  of  obliquity  of  the 
instrument,  which  it  appears  was  the  explanation  suggested  by  MM. 
Darcy  and  Bazin  for  the  phenomenal  results  obtained  in  their  ratings, 
the  writers  have  made,  since  the  publication  of  the  original  pajjer,  a 
series  of  experiments  by  revolving  the  point  of  a  very  small  tube 
about  the  stem,  at  the  center  of  a  2-in.  pipe  in  which  a  uniform  flow 
was  maintained  when  readings  of  the  point,  pressure,  and  ring 
columns  of  the  gauge,  were  taken  with  the  point  set  at  different  angles. 
From  this  it  appears  that  a  point  having  an  exterior  which  is  a  surface 
of  revolution,  and  having  inner  walls  which  are  cylindrical,  or  an 
orifice  at  the  center  of  a  flat  plate,  transmits  the  component  of  velocity 
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normal  to  the  plane   of  the   opening  as   velocity   head,  or  that   the      McsHrs. 
velocity  thus  indicated  varies  as  the  cosine  of  the  angle  of  obliquity.     Hui,»',H"and 

Applying  this  result  to  the  obliquity  of  impact  in  the  case  of  ^'«°''«"- 
the  writers'  open-trough  ratings,  it  appears  that,  allowing  for  both 
point  and  pressure  e£fect,  the  coefficients  would  be  reduced,  in  the 
worst  case,  that  of  Tube  No.  6,  less  than  rinyo  of  1%,  and  the  prob- 
ability of  this  cause  accounting  for  the  difference  of  coefficient  observed 
in  the  Darcy  and  Bazin  experiments  seems  to  the  writers  quite 
doubtful. 

Tank  Bettings. — In  the  tank  ratings  of  the  writers,  as  both  point 
and  pressure  openings  were  at  the  same  distance  from  the  axis  of  revo- 
lution and  were  connected  to  the  gauge  by  tiibing  of  the  same  size 
and  length,  it  appears  that  no  correction  for  centrifugal  force  at  the 
tube  is  required,  as  both  sides  of  the  gauge  would  be  affected  alike. 
A  small  correction,  amounting  to  about  yV  of  1%,  however,  should  be 
made  for  the  different  centrifugal  effects  ujion  the  two  columns  of  the 
gauge,  owing  to  its  position,  the  coiTection  decreasing  the  still-water 
coefficients. 

With  reference  to  the  variations  of  coefficient  oa  the  open-trough 
ratings,  criticised  by  Mr.  Murphy,  it  may  be  added  that  these  experi- 
ments of  the  writers  were  intended  to  be  only  preliminary,  as  an 
apparatus  to  provide  a  more  uniform  motion  by  the  aid  of  a  falling 
weight  was  planned,  but,  these  preliminary  observations  proving  the 
methods  of  rating  to  be  unsuited  to  the  purpose  of  the  work,  the 
experiments  were  then  discontinued.  Such  errors  as  do  exist  are 
believed  to  be  mainly  in  the  time,  and,  as  this  was  read  continuously, 
an  error  in  one  observation  would  affect  the  next  also,  but  in  the  oppo- 
site way,  and  thus  the  averages  would  probably  be  reliable  though 
the  single  observations  were  not. 

Mr.  Horton  has  suggested  that  the  coefficients  of  meters  rated  on  a 
rigid  support  and  on  a  rope  do  not  coincide,  and  this,  as  also  the  fact 
that  ratings  on  either  support,  with  uniform  motion  and  with  variable 
motion,  give  different  results,  is  proven  by  experiments  by  one  of  the 
writers,  wherein  both  a  Price  and  a  Haskell  meter  were  rated  in  all  four 
ways,  and  all  records,  time,  distance  in  10-ft.  lengths,  and  revolutions, 
were  taken  by  chronograph,  thus  eliminating,  as  far  as  possible,  chances 
of  error. 

The  writers,  therefore,  believe  that  Conclusion  ^is  sustained,  and 

that  an  instrument  should  be  rated  under  conditions,  as  nearly  as  may 

be,  similar  to  those  under  Avhich  it  is  to  be  used,  and  that  dragging  an 

instrument  through  still  water  does  not  conform  with  this  condition 

when  the  apparatus  is  to  be  used  to  measure  running  water,  either  in 

closed  or  open  channels.* 

*  In  the  light  of  present  knowledge,  if  instruments  can  only  be  rated  by  dra(?giuK, 
the  writers  would  prefer  the  coefficients  established  bv  dragging  in  opposite  directions 
in  running  water  to  those  obtained  by  dragging  in  still  water. 
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Messrs.  EeSULT  F. 

Williams. 
Hubbeli  and  Necessity  of  Rating.  —In  view  of  the  data  ijresented  by  IVIi-.  White, 
and  of  the  experiments  of  Messrs.  Saph  and  Schoder,  and  Adams  and 
Wilson,  -wherein  instruments  of  certain  forms  were  used  with  ring 
piezometers,  as  well  as  the  experiments  by  the  writers  regarding  obli- 
qiiity,  just  referred  to,  it  seems  to  be  demonstrated  satisfactorily  that 
Conclusion  F  was  too  sweeping,  and  the  writers  agree  that,  as  i:)ointed 
out  by  Mr.  Ferris,  a  x>roper  form  of  j^oint  opening  will  have  a  coeffi- 

T- 
cient  of  unitv  bv  the  formula  h=^r—  when  combined  with  a  ring  pie- 

'      '  2  g 

zometer  under  normal  or  nearly  normal  flow.  This  form,  ai5i:)arently, 
mav  be  any  one  which  presents  an  orifice  in  the  center  of  a  small  plane 
surface,  which  surface  (and  orifice)  is  normal  to  the  direction  of  flow, 
and  this,  perhaps,  may  be  extended  to  orifices  in  large  planes.  That 
this  applies  also  to  converging  nozzles  receiving  the  impact  at  their 
larger  ends,  the  writers  are  not  so  well  satisfied,  for  it  seems  to  them 
that  there  may  reasonably  be  a  difierence  between  the  conditions  of 
such  a  point,  set  in  a  jet  where  the  water  is  free  to  be  thrown  off  at  all 
sides,  or  in  an  open  channel  where  the  free  surface  allows  certain 
motions  to  take  place,  and  those  conditions  existing  when  the  ai^pai'- 
atus  is  in  a  closed  pipe  under  pressure. 

Were  it  not  that  in  this  paper  the  writers  have  endeavored  to  con- 
fine themselves  to  the  relation  of  fact,  rather  than  the  promulgation  of 
theory,  they  might  be  temptedtoofier  some  explanations  on  this  point, 
but  as  such  explanations  would  be  only  theories,  not  facts,  it  is  con- 
sidered unwise  to  present  them  here.  It  may  be  said,  however,  that 
their  experiments  with  flat  plates  in  closed  pipes  confirm,  under  such 
conditions,  the  experiments  and  conclusions  of  Mr.  White,  presented 
in  Figs.  113,  114  and  115,  so  far  as  the  character  of  the  results  is 
concerned. 

Eesitlt  C. 

Ratio  of  Mean  to  Center  Velocity. — Conclusions  C,  G  and  H  are 
intimately  related  to  the  laws  governing  the  internal  motions  of  flowing 
water,  laws  which,  unfortunately,  are  far  from  being  thoroughly  under- 
stood by  the  present  generation,  and  an  analysis  of  the  experimental 
data  bearing  thereon  leads  to  some  seeming  anomalies. 

In  Conclusion  Cit  is  stated  that  where  observations  were  taken  at 
the  center  of  a  circular  pipe  with  a  properly  rated  tube,  if  the  flow- 
were  proceeding  under  normal  conditions  at  ordinary  velocities,  the 
mean  velocity  would  be  obtained  within  'd%  of  correctness  by  multi- 
plying the  central  velocitv,  deduced  bv  the  formula  V=  C  ^2  ah 
by  0.84.  '  "  V      y    , 

Mr.  Mills  has  shown  (page  204)  from  his  own  experiments,  which 
the  writers  believe  to  rank  among  the  most  reliable  ever  conducted. 
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that  the  ratio  of  mean  to  maximum  velocity  varies  somewhat  with  the      MesHrx. 
velocity,  the  range  given  being  from  0.8293  to  0.8589  for  velocities  Hub^Tand 
from  1  to  12  ft.  per  second  in  12-in.  jnpe.     The  mean  of  this  range  is     ^^^^^*^- 
0.8441,  and  it  is  seen  that  the  maximum  variation  from  the  value  0.84 
is  LS)?^  below  and  2.3%  above,  thus  falling  almost  within  half  the  limit 
given  by  the  writers. 

]Mr.  Mills  also  gives  the  mean  ratios  for  conduits  ranging  in  diam- 
eter from  5  to  8. 75  ft.,  and  of  various  degrees  of  roughness,  for  velocities 
falling  between  2.25  and  3.65  ft.  per  second.  These  values  range  from 
0.809  to  0.861,  the  mean  being  0.835.  The  variation  from  0.84  is  S.T^' 
below  in  the  case  of  a  wrought-iron  conduit  with  i^lates  laid  in  and 
out,  rivet  heads  projecting,  "and  much  of  the  surface  covered  with 
tubercles,"  and  a  maximum  of  2.5%  above  in  the  remainder  of  the 
series.  Omitting  the  tuberculated  conduit,  the  variation  is  from  0.8 
of  1%  to  2.5%  above  the  value,  0.84. 

Mr.  Cole  presents  (page  283)  data  ujion  this  ratio  from  his  expari- 
ments,  which  he  interprets  as  being  at  variance  with  the  writers'  con- 
clusion, biit,  as  is  shown  by  Messrs.  Adams  and  Wilson  (page  332), 
and  by  the  published  traverses  themselves,  in  all  cases  but  one  the 
distribution  of  velocities  was  abnormal,  and  hence  the  deduced  ratio 
does  not  fall  within  the  limits  set  by  the  writers,  and  in  the  remaining 
case,  that  of  the  16-in.pipe,  the  mean  value  is  0.844,  the  range  being 
Irom  0.83  to  0.86,  in  which  the  variations  are  1.2%  below  and  2.4% 
above  0.84. 

The  discussion   of  M.  Bazin  i)resents   further  experimental   data 

bearing  on  this  jDoint  (pages  256  and  257).     As  is  shown  by  Messrs. 

V 
Adams  and  Wilson,  the  value  of  the  ratio,  -^,  for  the  314-in.  conduit 

'  c 

of  cement,  a*  the  two  sections  B  and  C,  where  the  distribution  is  prac- 
tically normal,  is  0  856;  the  range  being  from  0.847  to  0.862,  or  from 
0.8  of  1^  to  2.6%  above  the  value  of  the  writers. 

In  the  Darcy  exijeriments,  presented  by  M  Bazin  (page  262),  the 
values  of  this  ratio  are  0.817,  0.814,  0.908  and  0.826,  all  but  the  third 
being  within  3.1%  of  the  writers'  value,  and  the  third  is  questioned  by 
M.  Bazin. 

In  the  experiment  by  John  R.  Freeman,  M.  Am.  Soc.  C.  E. ,  quoted 
by  M.  Bazin,  page  264,  the  ratio  is  0.835,  or  0.6  of  1%  below  the  writers' 
value. 

Finally,  in  the  experiments  of  MM.  Darcy  and  Bazin,*  are  given 
the  results  of  a  series  of  observations,  by  Pitot  tube,  of  the  central 
velocity  in  two  rectangular  closed  conduits  under  low  pressure.  The 
conduits  were  31.49  ins.  wide  and  19.68  ins.  deep,  and  18.90  ins.  wide 
and  11.81  ins.  deep,  and  the  mean  values  of  the  ratios,  for  velocities 
ranging  from  about  1  ft.  to  6.5  ft.  per  second,  are,  respectively,  0.848 
and  0.803,  a  range  from  1%  above  to  3.8%  below  the  writers'  value. 

*  "  Recherches  Hydrauliques,"  pp.  168  and  170. 
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Messrs.  So  far  as  these  data  go,  Conclusion  C  seems  to  be  amply  sustained 

HubbetTand  and  to  be  fairly  applicable  to  the  extreme  cases  of  the  tuberculated 
Fenkell.  pipes  and  rectangular  conduits,  but  Messrs.  Adams  and  Wilson  have 
presented  some  experimental  results,  apparently  proving  that  in  small 
smooth  pipes,  i.  e.,  2-in.  seamless  brass  tubing,  this  ratio  is  more 
nearly  0.80,  and  they  advance  the  theory  that  it  is  related  to  the  diam- 
eter of  the  pipe.  They  show  in  Table  No.  79  (Traverses  Nos.  23  to 
37,  inchisive)  fifteen  traverses  made  in  such  pipe  under  normal  condi- 
tions, wherein  the  ratio,  ^^,  ranges  from  0.776  to  0.832,  with  a  mean 

value  of  0. 798.  These  traverses  were  made  with  an  instrument.  Tube 
E,  Plate  IX,  Fig.  2,  having  only  a  point  opening,  the  other  reading 
being  taken  from  the  ring  piezometer.  In  Table  No.  75,  Messrs.  Sajih 
and  Schoder  present  six  traverses,  Nos.  64,  66,  65,  9,  10  and  11,  made 
under  similar  conditions,  with  the  same  tube,  wherein  this  ratio 
ranges  from  0.821  to  0.836,  with  a  mean  of  0.825,  and  they  also  give 
eleven  traverses  similarly  made  with  Tubes  F  and  G,  wherein  the 
point  is  a  surface  of  revolution,  as  specified  by  Mr.  White.  These 
are  marked  i'V  and  G)- in  Column  1  of  Table  No.  75,  and  show  this 
ratio  to  range  from  0.795  to  0.833,  with  a  mean  value  of  0.820.  Re- 
garding this  difference  of  values  obtained  by  different  observers  with 
the  same  instrument,  it  is  to  be  explained  that  Messrs.  Adams  and 
Wilson  divided  the  cross-section  of  the  pipe  into  concentric  rings  of 
equal  area,  as  did  the  writers,  while  Messrs.  Saph  and  Schoder,  who 
were  more  interested  in  the  form  of  the  velocity  curve,  divided  it  into 
concentric  rings  of  equal  width.  In  computing  the  discharge  from  these 
observations,  where  the  center  velocity  is  used  but  once,  it  will  be 
easily  seen  that  on  account  of  the  longer  chords  between  some  points 
of  observation,  the  former  will  give  a  lower  value  for  the  mean  velocity 
than  the  latter,  wherein,  because  of  the  shorter  chords,  only  a  very 
small  correction  is  required  to  provide  for  the  areas  outside  of  the  poly- 
gon of  velocities.  This  explanation  is  borne  out  by  the  fact  that, 
whereas  the  coefficient  of  Tube  E,  as  obtained  by  the  method  of  the 
former  observers,  is  1.039,  by  that  of  the  latter  it  is  1.017,  whence  the 
value  of  r,„,  and,  consequently,  its  ratio  to  V^  should  be  increased  by 
about  2%  to  reduce  the  work  of  the  former  to  the  same  basis  as  that 
of  the  latter,  which  is  more  nearly  that  of  the  writers;  this  would 

make  the  value  of   the   ratio     'i,   by  the  former   observers,   0.815. 

Messrs.  Saph  a-jd  Schoder  have  also  presented,  in  Table  No.  75,  the 
record  of  the  same  eleven  traverses  with  Tubes  F  and  G,  where  the 
velocity  is  computed  from  the  point  and  pressure  readings,  and  these 
show  the  ratio  to  range  from  0.788  to  0.831,  the  mean  being  0.817. 
Considering  also  the  values  of  the  ratio  in  the  7^ -in.  pipe  of  Darcy 
(page  262)  the  smaller  rectangular  conduit  of  Darcy  and  Bazin,  and 
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the  1^-in.  pipe  of  Freeman,  it  seems  that  the  contention  of  Messrs.      M^ssm. 
Adams  and  Wilson  is  borne  out,  and  that  the  ratio  is  less  in  small  HuM^Tand 
than  in  large  pipes,  but,  nevertheless,  the  values  derived  when  r„,  is     '"•'n'^^" 
obtained  bv  the  method  used  by  the  writers  fall  within  the  limits  set 
by  them,  even  in  these  extreme  eases. 

In  establishing  an  accurate  value  of  this  ratio,  however,  there  is 
still  another  point  to  be  considered.  The  work  of  Messrs.  Adams  and 
Wilson  (page  327)  shows  that  when  water  passes  from  a  larger  to  a 
smaller  pipe  the  arrangement  of  velocities  is  disturbed,  and,  while 
the  distribution  remains  symmetrical  with  respect  to  the  axis  of  the 

pipe,  the  side  velocities  are  increased  and  the  ratio  -pl^   consequentlv 

increased.  This  is  confirmed  by  the  traverses  of  M.  Bazin  at  Shaft 
A  (page  256),  and  by  those  of  John  R.  Freeman,*  M.  Am.  Soc.  C.  E., 
wherein  a  ratio  of  0.970  was  obtained  at  the  outlet  of  a  conical  nozzle. 
Messrs.  Saph  and  Schoder  show,  in  Fig.  125,  and  in  Column  7  of  Table 
No.  75,  that  vertical  traverses,  through  a  pipe  in  which  the  water  has 
recently  been  deflected  hoi-izontally  by  a  curve,  show  similar  charac- 
teristics, to  the  extent  of  a  high  value  of  — xr^-      So  far  as  the  writers 

'  c 

are  aware,  there  is  no  information  relating  to  the  distribution  of  veloc- 
ities where  the  stream  has  flowed  from  a  smaller  into  a  larger  pipe, 
except  in  the  case  of  a  Yenturi  meter,  where  the  law  of  the  contrac- 
tion holds;  but  such  eases  are  comparatively  rare  in  practice.  The 
disturbances  ordinarily  occurring  are  produced  by  contractions,  by 
curves,  or  by  openings  in  the  pipe  wall,  the  efi"ects  of  which  latter  the 
writers  (see  page  67)  have  found  to  be  similar  in  nature  to  those  due 

to  curves.     It  is  evident,  therefore,  that  if  the  ratio,— pr,  is  abnormal 

from  any  of  these  causes  in  a  symmetrical  traverse,  its  value  will  be 
high,  and  it  follows  that  the  normal  vahie  of  it  is  to  be  looked  for 
among  the  lower  rather  than  the  higher  results.  Thus,  considering 
all  the  data,  the  writers  believe  the  value,  0.84,  to  be  sustained  as  an 
ai^proximation  within  the  established  limits,  but  would  add  that  for 
absolutely  normal  flow  they  would  expect  it  to  fall  below  this  tigure, 
even  as  low  as  0.81.  and,  in  cases  of  symmetrical  distortion,  to  have 
any  value  from  this  to  unity.  The  vahies  to  be  expected  in  cases  of 
unsymmetrical  distortion  are  shown  in  Table  No.  75  for  locations  near 
the  curves.  It  also  appears,  from  Mr.  Mills'  experiments  and  those 
of  Darcy,  that  roughness  of  the  bounding  surface  decreases  this  ratio, 
and  in  this  may  lie  the  cause  of  small  pipes  shov-ing  lower  values 
than  larger  ones,  as  the  roughness  of  a  small  smooth  pipe,  rela- 
tively to  its  diameter,  may  be   greater  than  that  of    a   large   rough 

pipe. 

Transactions,  Am.  Soc.  C.  E.,  Vol.  xxi,  pp.  416  and  417. 
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Messrs.  RESULT   H. 

Williams, 
"  Fenkeu"'^  The  Velocity  Curve.— In  Conclusion  i/ was  presented  the  derivation 
of  the  ellipse  as  the  approximate  form  of  the  normal  curve  of  veloc- 
ities in  straight  circular  pipes.  This  conclusion  is  strongly  supported 
by  the  analysis  presented  in  the  discussion  by  M.  Bazin,  and  Mr. 
Tutton  has  deduced,  from  certain  assumptions  involving  the  molecu- 
lar motions  of  the  water,  an  e3[uation  leading  to  the  ellipse  as  this 
curve,  but,  unfortunately,  based  upon  a  flow  in  straight-line  fila- 
ments. 

V 
Theconclusionof  the  writers  was  based  upon  the  ratio,  -=^,  asestab- 

lished  above,  and  the  additional  observed  facts  that  the  minimum 
velocity  was  about  half  of  the  maximum,  and  that  when  plotted  the 
curve  conformed  closely  to  the  ellipse,  wherein,  as  pointed  out,  with 
the  minimum  velocity  equal  to  half  of  the  maximum,  this  ratio  would 
be  0.83 J.  However,  as  the  value  of  this  ratio  may  be  actually  be- 
tween 0.81  and  0.82,  a  dome  generated  by  revolving  half  a  cycloid 
about  its  directrix,  seems  to  fit  the  case  fully  as  well,  and,  for  the 

y 
above  conditions,  gives -^  =  0.8125.     The  cycloid,  moreover,  can  be 

accounted  for  without  involving  the  assumj^tion  of  rectilinear  flow  or 
the  coefficient  of  viscosity.  It  seems  quite  i^robable  that,  whatever 
curve  exists  in  pipe,  it  is  the  same  as  that  in  open  channels  under 
normal  flow— a  rare  condition  in  the  latter — and  since  the  former  is 
very  evidently  not  a  parabola,  it  seems  doubtful  that  the  latter  can  be. 
To  those  interested  in  the  flow  in  open  channels,  the  studies  of  the 
effect  of  disturbances  in  pijjes,  contained  in  the  last  two  discussions, 
together  with  M.  Bazin's  presentation  of  the  eff"ect  of  the  free  surface 
upon  the  velocity  curve,  should  prove  highly  valuable. 

Result  G. 

Pressure  Varintion. — Conclusion  G,  that  the  pressure  in  straight 
Y>\])e  is  not  always  the  same  at  all  points  around  the  circumference  of 
the  same  cross  section,  is  based  first  upon  the  exjDerimental  evidence 
in  the  16-in.  pipe  investigation,  discussed  on  page  158  and  shown  in 
Fig.  77.  No  discussion  has  bsen  submitted  containing  direct  addi- 
tional evidence  upon  this  particular  point.  All  the  Pitot-tube  work 
shows  that  the  components  of  velocity  parallel  to  the  axis  of  the  pipe 
vai-y  from  point  to  point  throughout  the  cross-section,  and  that  changes 
of  that  component  of  velocity  take  jjlace  at  each  individual  point 
under  distorting  influences.  If  these  comj)onents  represent,  or  are 
proportional  to,  the  total  velocity  in  each  part  of  the  fluid,  it  follows 
from  the  Law  of  Conservation  of  Energy,  since  all  the  water  in  the 
cross-section  was  originally  started  on  its  course  under  the  influence 
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of  the  same  head,  that  if  velocity  and  conseqiiently  velocity  head  be      Messrs. 
increased,  pressure  must  be   decreased,  unless  the   elevation   of  the  Hubb^und 
stream  above  datum   be  decreased,  whether   a  single  particle  or  the     f*'°''*"- 
whole  stream  be   considered,  and,  therefore,  that  the  pressure  must 
vary  throughout  the  cross-section,  a  conchision  which  is  confirmed  by 
the  most  obvious  interpretation  of  a  large  number  of  experiments. 
The  experiments  of  Messrs.  Adams  and  Wilson,  and  Saph  and  Schoder, 
as  well  as  some  of  those  of  the  writers,  prove  pretty  conclusively  that 
a  properly  formed  point  combined  with  a  ring  piezometer  gives  read- 
ings the  summation  of  the  deduced  velocities  of  which  amount  to  the 

I'' 
true  discharge,  on  the  theorv  used  by  the  writers  that  h  =  ^r — ,  without 

introducing  a  coefficient,  as  has  been  demonstrated  in  the  case  of  a  jet 

and  in  open  channels  by  Mr.  White.*   This  being  true,  the  acceptance 

of  varying   pressure   throiighout    the   cross-section,    which   pressure 

varies  inversely  as  the  velocity  head  leads  to  some  comidications,  if 

.     V- 
one  undeiiakes  to  maintain  that  the  point  effect  is  — — .  Another  inter- 

esting  circumstance  is  the  reading  given  by  two  conical  points,  one 
receiving  the  impact  of  a  current  in  a  closed  pipe  and  the  other  di- 
rected down  stream.     Theoretically,  it  might  be  expected  that  the  dif- 

2  V- 
ference  between  their  readings  would  be  — — ,  and  this  alleged  fact  is 

-^  'J 
the  basis  of  the  claim  for  a  patent  granted  for  such  a  device  some  years 
ago,  but,  experimentally  or  practically,  nothing  of  the  kind  happens 
with  this  form  of  apparatus. 

Regarding  the  question  of  the  proper  formula  for  the  Pitot  tube, 
the  writers  are  not  yet  entirely  satisfied,  and  while  fully  appreciating 
Mr.  Frizell's  efforts  to  clear  the  matter  up  (page  242),  they  yet  prefer  to 
leave  the  question  where  they  left  it  before,  that,  practically,  it  makes 
little  difference  in  the  reduction  of  results,  whether  a  tube  reading 

actually  is  ^r—  or  — .     The  discussion  presented  bv  Mr.  Seddon  gives 

^9         9 
excellent  reason  to  believe  that  there  is  a  large  account  of  internal 
forces  to  be  balanced  before  the  laws  of  flow  will  be  fully  understood, 
and  until  those  forces  have  been  more  fully  investigated,  too  rigid 
laws  had  best  not  be  laid  down. 

Result  /. 

Exleyitof  Effect  of  Dis/iirbcoices.—Wl  the  facts  brought  out  in  the 
discussion  bearing  upon  Conclusion /corroborate  the  exporimouts  of 
the  writers  in  demonstrating  that  the  effect  of  a  disturbance  extends 
many  diameters  beyond  the  point  of  interference.         

*  Journal  of  the  Association  of  Enqineering  Societies,  AuKUSt,  1901,  page  57 .et  »eq. 
See,  also,  in  this  connection,  Encyc.  6rit.,  IX  Ed.,  article  "  Hydromechauics,  pages 
516  and  517. 
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Messrs.  The  actual  distance  required  for  an  abnormal  distribution. of  tgIoc- 

Hubbsllaiid  ities  to  become  again  normal  varies  greatly  with  the  nature  and  form 
FcDkeli.  ^£  ^^g  obstruction  which  causes  the  distortion.  Messrs.  Adams  and 
Wilson  show,  by  their  own  work  on  2  and  5-in.  pipe,  and  byM.  Bazin's 
exjieriments  on  3U-in.  pipe,  that  the  effect  of  a  contraction,  either 
cycloidal  or  with  square,  sharp  edges,  extends  only  about  35  diameters 
down  stream,  and  at  this  distance  is  independent  of  the  velocity. 
Traverses  A,  B,  Cand  D  (Table  No.  8j  were  made  by  the  writers  in  a 
12-in.  pipe,  30  diameters  down  stream  from  a  16  X  1 2-in.  reducer  (about 
2  ft.  long),  and  the  ratio  of  mean  to  center  velocity  is  approximately 
0.80,  indicating  that  the  distribution  of  velocities  is  nearly  if  not 
quite  normal. 

Kegarding  the  distortion  produced  by  curves,  the  writers  concluded 
that  it  disajDpeared  in  less  than  295  diameters  in  30-in.  pipe,  and 
Messrs.  Sai)h  and  Schoder,  in  their  discussion  (pages  302  and  317), 
show  that  such  distortion  extends  for  about  180  diameters  in  2-in. 
pipe.  Eeasoning  by  analogy,  from  the  aj)parent  non-effect  of  diameter 
of  pipe  in  the  case  of  symmetrical  distortion,  it  appears  that  this 
length  would  be  substantially  the  same  in  lai-ge  as  well  as  in  small 
l^ipes. 

Eesult  K. 

Effect  of  Curvature. — The  final  Conclusion  E,  may  be  re-stated  in 
the  following  more  explicit  language: 

In  a  given  length  of  pijje  consisting  of  two  tangents  joined  by  a 
curve  of  90",  the  loss  of  head  will  decrease  as  the  radius  of  the  curve 
is  decreased,  to  a  limit  of  about  2i  diameters,  and  will  increase  as  the 
radius  is  increased  above  that  Hmit,  the  total  length  remaining  the  same. 
It  may  be  extended  as  follows,  for  the  range  of  these  experiments, 
at  least : 

To  unite  two  points  on  two  tangents  intersecting  at  90^,  and 
equally  distant  from  their  intersection,  by  a  pipe  line  consisting  of 
portions  of  the  two  tangents  and  a  curve  of  90^,  the  line  of  least  hy- 
draulic resistance  will  be  one  in  which  a  curve  of  about  2\  diameters 
radius  is  used.  The  latter  is  the  practical  j)roblem,  and  from  it,  it 
appears  at  once  that  the  saving  of  head  due  to  the  shorter  lines  when 
a  long-radius  curve  is  used  is  more  than  compensated  by  the  increased 
resistance,  due  to  the  longer  curve.  This  conclusion  is  based  ujjon 
experiments  upon  30-in.  and  12-in.  pipe,  with  curves  of  radius  varying 
from  1.08  to  24  diameters.  Against  this  conclusion,  the  following 
criticisms  have  been  presented: 

By  Mr.  Henry:  That  it  is  foolish  and  illogical  and  contradictory  to 
preceding  experiment. 

By  Professor  Church:  That  the  results  are  modified  by  variations 
of  diameter  at  the  piezometer  openings  whence  the  losses  of  head  are 
obtained. 


DISCUSSION    ON   FLOW    OF    WATER    IN    PIPES, 


349 


By  Mr.  Slierman  and  Mr.  Kuicbling:  That  the  effect  of  the  num-      Messrs. 
bar  of  joints  has  not  been  considered,  and  that  the  locations  of  the  Hubbl^*ii"arnl 
piezometric  openings  were  such  as  to  render  them  likely  to  gather     f"*^"''^"- 
air. 

By  Mr.  Tutton :  That  the  piezometric  indications  may  })e  affected 
by  the  distortions  of  the  internal  velocities  which  may  not  have 
become  readjusted  to  nox'mal  conditions  at  all  the  piezometric 
openings. 

By  Mr.  Campbell  and  Mr.  Gould:  That  the  shorter  lengtli  of  the 
long  curve  line  compensates  in  part  for  curve  loss,  and  in-actically  and 
economically  may  be  the  best  line. 

Regarding  the  criticism  of  foolishness  and  illogicalness  offered  by 
Mr.  Henry,  the  discussions  of  Mr.  "Wisner,  Mr.  Campbell,  Mr.  Brinck- 
erhoff  and  M.  Bazin,  are,  it  seems  to  the  writers,  sufficient  refutation. 
As  to  the  contradictions  in  former  experiments,  some  comparisons 
will  be  presented  later. 

Diameters. — In  the  matter  of  the  diameters  at  piezometric  orifices, 
the  writers  regret  that  at  the  time  the  line  was  laid,  the  importance 
of  this  subject  was  not  appreciated,  for  it  would  not  have  been  diffi- 
cult, in  the  case  of  the  80  in.  pipe,  to  have  obtained  actual  measiire- 
ments,  though  it  could  not  have  been  so  easily  accomplished  with  the 

TABLE  No.  85.— Calipebings  of  30-Inch  Pipes. 


Pipe  No.  1. 

Pipe  No.  2. 

Position. 

Calipering. 

Mean. 

Calipering. 

Mean. 

Hub 

30  A  X  30 
30      X  29}g 
30      X  29}g 
30      X  29J 
30-     X  30 
30J    X  30,'b 
3C,'„  X  30,',, 
30i    X  30 
30x'o  X  30 
30      X  30 
30      X  30 
30      X  30 
30      X30 

30.031 
29.906 
29.969 
29.938 
30.062 
30.094 
30.062 
30.062 
30.031 
30.000 
30.000 
30.000 
30.000 

29?    X  29J 
29  J    X  29,'i, 
294    X  29S 
29, "a  X  29S 
29,"„  X  29,"„ 
294    xa>U 
.     298    X  29J 
29fi  X  29S 
299    X  292 
29J    X  2\>i 
298    X  29} 
29iJ  X  291i 
29J    X  29i 

2'.MW7 

1  ft.  from  hub 

2  '•        "      "     

3 '     

4  "        "      "     

5"        "      "     

6  "        "      "     

7  "        '■      "     

8  "        "      "     

9"        "      "     

10 

11  "        ''      "     

Spigot 

2t».r>31 
2«.5ti3 
29.594 
29.562 
29.:.<M 

29  iwr 

•.'9.7r>o 
'.'i>.r.s7 
29.''>KT 
at.««<7 
89.750 

' 

Mean  of  all  measurei 
"      "  eight  end  me 
Maximum  mean  dian 
Minimum       " 

nents 

80.0119 
29.9843 
30.094 
29.906 

29.(M89 
29.««8H 

aeter 

559.760 

2t)..531 

16  and  12-in.  pipes.  In  Tables  Nos.  51,  52  and  53  accompanying 
the  discussion  by  Professor  Church  there  are  presented  com- 
putations  of    the  percentage   errors  in   the   results   for  the   several 
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Messrs.  experimental  sections,  based  upon  the  assumption  that  the  diame- 
Hubbetland  t^r  at  the  piezometric  orifice  is  the  mean  of  the  eight  diameters 
Fenkell.  measured  in  the  length  of  pipe  where  it  is  situated,  from  which  it 
appears  that  for  the  curve  sections  no  error  so  great  as  1%  is  intro- 
duced, and,  as  the  extreme  limits  of  diameters  that  are  given  were  in 
many  cases  in  the  specials  themselves,  while  the  straight  lengths  con- 
formed more  closely  to  the  mean,  the  writers  believe  the  results  in 
these  tables  to  be  a  close  ai^proximation  to  the  truth.  As  to  how 
closely  the  mean  of  the  eight  measurements  may  be  expected  to  coin- 
cide with  the  mean  diameter,  determined  by  caliiDerings  at  right  angles 
of  thii'teen  sections,  1  ft.  apart,  in  30-in.  pipe,  the  writers  present  the 
data  in  Table  No.  85,  obtained  from  two  pipes  left  over  from  the 
30-in.  line,  they  being  all  that  remained  of  that  lot  when  the  point 
was  raised. 

Piezome/ric  Opening. — In  reference  to  the  location  of  the  piezo- 
metric ojjening,  whether  it  be  a  single  point  at  the  zenith  of  the  sec- 
tion or  elsewhere,  or  be  four  or  more  openings  symmetrically  distrib- 
uted about  the  circumference,  the  writers  have  no  doubt  that  the  last 
is  the  ju-eferable  form  for  straight-pipe  work,  but  it  is  also  consid- 
erably more  expensive  than  the  single  ojjening,  and  at  the  time  this 
work  was  planned,  the  writers  never  having  had  the  benefit  of  the 
direction  of  anyone  more  experienced  in  this  line  of  experiment  than 
themselves,  did  not  foresee  all  the  conditions  that  were  to  be  encoun- 
tered, and  therefore  adopted  what  then  seemed  to  be  both  an  econom- 
ical and  a  satisfactory  construction.  It  was  not  until  near  the  com- 
pletion of  the  30-in.  exjjeriments  of  1898  that  the  observations  upon 
the  16-in.  pipe,  presented  in  Fig.  77,  proved  conclusively  that  in 
straight  pipe  a  considerable  diff"erence  of  pressure  might  exist  at  the 
two  extremities  of  the  same  horizontal  diameter.  That  a  difierence 
of  pressure  amounting  to  0.025  in.  of  water  would  exist  at  the  two 
sides  of  a  16-in.  pijje  which  was  straight  for  213  ft.  jj receding,  when 
there  was  no  following  contraction  of  the  cross-section,  was  certainly 
unexpected.  As  soon  as  the  distortion  of  the  velocity  distribution, 
caused  by  curvature,  was  discovered,  which,  fortunately,  was  on  the 
very  first  day  of  the  30-in.  experiments,  it  was  realized  that  this  dis- 
toi-tion  would  very  probably  be  accompanied  by  a  change  of  pressure 
conditions  throughout  the  cross-section.  The  preparations  for  the 
experiments  did  not  include  j^rovisions  whereby  the  extent  to  which 
these  distortions  were  carried  beyond  the  cui'ves  could  be  determined, 
but  it  was  evident  that  certain  jjiezometric  openings  were  within  the 
range  of  the  disturbance,  though  it  was  also  surmised  that,  since  the 
disturbance  of  the  velocity  was  probably  greatest  along  the  horizontal 
diameter,  it  would  be  least  along  the  vertical,  and,  therefore,  the 
pressure  in  the  layer  of  water  next  to  the  wall  at  the  extremities  of 
the  vertical  diameter  would  be  aflfected  very  little,  if  at  all,  by  the 
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disturbances  caused  by  the  curves,  whicli  were  in  every  case  hori-  M^-^srs. 
zontal.  That  this  last  reasoning  was  not  entirely  correct  appears  Hii»j».^irirncl 
from  the  work  of  Messrs.  Saph  and  Schoder,  who  find  a  considerable  '"•''''<•'" 
acceleration  of  the  velocities  near  the  walls  in  a  plane  normal  to  the 
direction  of  curvature,  but,  from  the  same  experiments,  it  seems 
doubtful  whether  the  location  of  the  opening  proposed  by  Mr.  Sher- 
man, 45°  from  the  vertical,  would  have  given  more  reliable  results 
than  the  one  at  the  zenith  used  by  the  writers;  and,  further,  it  seems 
even  doubtful  if  much  better  results  could  have  been  obtained  from 
four  orifices,  however  they  might  have  been  located.  The  general 
princii)le  underlying  the  use  of  i)iezometric  orifices,  in  a  stationary 
pipe  or  channel  wall,  is  that  only  readings  of  such  orifices  can  be 
comi^ared  directly  for  loss  of  head  when  they  are  so  situated  that  the 
absolute  velocity  of  the  particles  of  water  in  the  film  adjacent  to  them 
is  the  same  at  all  the  jioints  which  are  thus  compared.  The  criticism 
of  Professor  Church  was  based  ujjon  this  jjrinciple,  and  the  same  or 
similar  inaccuracies  may  be  introduced  by  irregularities  of  the  distri- 
bution of  the  velocities  as  are  due  to  actual  changes  of  mean  velocity 
caused  by  variations  of  diameter. 

Air. — The  presence  of  air  in  the  gauge  connections  caused  more  or 
less  trouble  throughout  the  work,  but  great  care  was  taken  to  detect 
its  presence  and  remove  it.  By  always  having  at  least  three  instru- 
ments the  indications  of  which  were  related  by  known  laws,  and  by 
making  comparisons  at  each  change  of  head,  it  was  usually  i)ossible 
to  detect  and  locate  errors  promptly,  and  the  connections  were  at 
once  blown  off  and  shaken  out  whenever  the  pressure  of  air  was  indi- 
cated. The  log  of  the  experiments  of  August  13th  and  14th,  1898, 
presented  on  Plate  VI,  shows  instances  when  air  interfered  with  the 
observations  and  was  removed  by  shaking  out. 

Joints.— When  it  is  attempted  to  consider  the  effect  of  the  number 
of  joints  in  the  several  curves,  the  indications  are  complicated  by  the 
presence  of  gates  and  specials,  and  by  the  possible  errors  of  indication 
of  pressure  due  to  distortion. 

Column  9  of  Table  No.  21  shows  the  number  of  joints  in  each 
experimental  section  of  the  30-in.  pipe,  from  which  it  appears  that, 
excepting  the  last  curve,  the  number  ranged  from  21  to  27  in  the 
200-ft.  curve  sections,  and  it  seems  probable,  therefore,  that  the 
relative  change  due  to  them  would  be  small.  Similar  data  for  the 
16  and  12-in.  lines  are  given  in  Tables  Nos.  29  and  3'3.  In  the  12-in. 
pipe  line  the  two  3-ft.  radius  curve  sections,  the  2-ft.  radius,  and  the 
1.08-ft.  radius  curve  sections  each  contained  ten  joints,  and  the 
results,  with  the  single  exception  discussed  in  the  original  paper 
(page  182),  checked  the  30-in.  work  very  well.  While  they  would  not 
argue  that  the  number  of  joints  has  no  effect  on  the  loss  of  head,  tbe 
writers  do  feel  warranted  in  expressing  the  opinion  that  the  effect  of 
joints  upon  the  relative  values  of  the  curve  resistance  is  insignificant. 
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Messrs.  Distortion  Effects. — Ketiipning  again  to  the  effect  of  distortion  upon 

Hubbeu'and  the  piezometric  indications,  it  is  to  be  remarked  that  distortion  seems  to 
Feukell.  -^^  jjroduced  most  naturally  by  an  increase  of  velocity  in  the  jjarticles  of 
the  stream,  since  they  have  to  move  transversely  as  well  as  longitudi- 
nally to  produce  it,  the  mean  velocity  in  the  direction  of  the  axis  of 
the  pipe  remaining  constant,  and  hence,  as  absolute  velocity  must 
increase,  pressure  must  decrease  and  an  indication  by  a  ring  piezom- 
eter, at  a  jjoint  where  distortion  is  changing,  will  be  low.  This  is 
confirmed  by  the  experimental  data  jjresented  by  Messrs.  Saijh  and 
Schoder  in  Columns  7  and  12  of  Table  No.  78,  wherein  are  given  the 
observed  excess  losses  of  head  over  an  equal  length  of  straight  pipe 
for  the  several  sections,  and  it  will  be  seen  that  the  excess  for  the 
section  B  J,  which  includes  all  the  others,  is  less  than  that  for  any  of 
the  ijreceding  ones,  therefore  proving  that  the  piezometers  within  the 
range  of  distortion  were  reading  low  by  varying  amounts.  Comment- 
ing on  these  results,  the  observers  expressed  the  opinion  that  a  length 
of  200  diameters  of  pipe  isnecessary  to  eliminate  the  distortion  produced 
by  a  curve,  and  they  argue  that  therefore  the  writers'  results  are  more 
or  less  in  error.  Turning  to  Figs.  121  and  125,  it  is  seen  that  the 
distortion,  both  in  the  curve  and  in  the  following  tangent,  passes 
through  different  and  quite  distinguishable  phases,  the  jihases  occur- 
ring in  inverse  order  in  the  tangent  from  that  in  which  they  are  pro- 
duced in  the  curve.  The  conclusion  of  the  observers  evidently  refers 
to  the  case  of  the  phase  or  degree  of  distortion  represented  at  the 
outlet  of  the  curve,  which,  as  it  seems  to  be  almost  the  same  as  at  the 
boss  15^  up  stream,  may  be  called  complete  distortion,  and  is  some- 
what of  the  nature  of  that  shown  in  Fig.  11,  but  quite  different  from 
that  of  Fig.  12,  which  resembles  much  more  closely  the  condition 
at  Boss  2,  near  the  inlet  of  the  curve.  Jjow,  the  condition  of  Boss  2, 
by  the  position  of  the  point  of  maximum  velocity,  coincides  with  that 
at  about  Piezometer  No.  6  on  the  tangent,  which  is  17  diameters  from 
the  P.  T.  of  the  carve.  So  it  would  be  expected  that  if  200  diameters 
are  required  to  eradicate  the  more  complete  distortion  of  Fig.  11,  only 
183  diameters,  or  457  ft.,  would  be  required  in  the  case  of  the  distor- 
tion of  Fig.  12,  and  as  the  former  represents  the  distortion  of  a  lO-ft. 
radius  curve,  and  the  latter  of  a  15-ft.  radius  curve,  the  distances 
required  for  the  distortions  produced  by  the  small  compound,  the 
10-ft.  radius  and  the  6-ft.  radius  curves  would  probably  be  still  less. 

Distortion,  and  lieversing  Curves. — The  effect  of  reversed  curves  is 
also  to  be  considered  in  dealing  with  the  writers'  piezometers.  It  is 
quite  easy  to  conceive  that  if  immediately  after  leaving  the  curve,  with 
the  distortion  shown  in  Fig.  124,  the  stream  had  passed  into  a  second 
exactly  similar  curve,  of  proper  length,  turning  in  the  opposite  direc- 
tion, the  water  would  have  emerged  from  the  latter  without  any  dis- 
tortion whatever,  and  experiments  with  the  Venturi  meter  immediately 


Fenkell. 
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beyond  a  curve  showed  the  distortiou  due  to  curvature  to  be  almost    J!,?**^- 
..      ,        T      ■  -,  \\  illiams. 

entirely  eliminated  after  passing  the  meter.     Referring  now  to  the  30-  Hn».bell  and 

in.  line  of  the  writers,  as  shown  in  Fig.  23,  it  is  seen  that  there  are  three 
reversals  of  direction  with  quite  short  intervening  tangents,  these  being 
made  by  the  first  sis  curves,  and  it  seems  quite  safe  to  suppose  that  the 
water,  on  leaving  the  second  of  each  pair  of  curves,  is  not  distorted  to 
such  a  degree  as  to  require  200  diameters  for  what  distortion  is  left  to 
disappear.  These  three  curves  are  followed  by  12i»,  144  and  122  diame- 
ters of  straight  pipe,  respectively,  before  the  inlet  i)iezometer  of  the  fol- 
lowing curve  is  reached,  and,  in  view  of  the  fact  that  in  the  la.st  two 
cases  the  second  curve  is  of  somewhat  less  curvature  than  the  first,  the 
writers  believe  that  the  error  of  the  piezometric  indication  due  to  dis- 
tortion will  be  quite  insignificant  in  these  three  cases,  except  i)erhap8 
in  the  first,  though  they  admit  that  the  so-called  down-stream  piezome- 
ters of  the  200-ft.  curve  sections  were  in  each  case  aftected ;  but,  for  the 
shorter  curves,  the  effect  was  probably  less  than  for  the  longer  ones. 
This  at  once  assists  in  rectifying  somewhat  the  plotting  of  Fig.  90. 

Correclions  to  Fig.  90. — It  is  to  be  assumed  that  the  inlet  piezometer 
of  the  first  large  comjsound  curve  read  correctly,  but  the  outlet  un- 
doubtedly read  low,  so  that  the  apparent  loss  in  this  curve  was  too 
great,  and,  consequently,  Point  4  should  be  brought  nearer  to  Point  3. 
The  inlet  of  the  second  large  compound  curve  read  low,  as  did  also 
its  outlet,  by  a  greater  amount,  so  that  Point  3  is  somewhat  too  high. 
The  inlet  of  the  60-ft.  radius  curve  probably  read  very  nearly  right, 
but  the  outlet  read  relatively  very  low,  so  that  Point  1  on  the  diagram 
should  be  lowered  considerably.  The  inlet  of  the  40-ft.  radius  curve, 
being  only  5  ft.  from  the  P.  T.  of  the  60-ft.  radius  curve,  read  much 
lower  than  the  down-stream  piezometer  of  this  section,  so  that  Point 
2  should  be  raised.  As  the  40-ft.  radius  and  long  compound  curves 
are  of  almost  exactly  the  same  length,  while  the  former  contains  a 
gate,  it  follows  that  Point  2  should  fall  above  Point  3.  The  inlet  to 
the  25-ft.  radius  curve  probably  gave  a  correct  indication,  while  the 
outlet  was  low.,  as  was  also  the  inlet  of  the  small  comi)ound  curve,  by 
a  greater  amount  than  was  its  outlet,  so  that  Points  should  be  lowered 
and  Point  7  raised.  The  indications  of  the  remaining  30-iu.  curves 
are  probably  high,  so  that  Points  6a,  8  and  14  should  be  lowered 
slightly,  the  effect  of  all  these  changes  being  to  drop  the  portion  of 
the  locus  near  the  origin  a  little  and  to  cause  the  right-hand  extremity 
to  run  more  nearly  parallel  with  the  axis  of  abscissas,  all  the  points 
except  No.  4  (which  is  afi"ected  by  specials)  now  coinciding  cpiite  closely 
with  the  line.  If,  in  this  connection,  the  computations  presented  by 
Professor  Church  in  Table  No.  54  be  worked  out  for  the  second  large 
compound  curve,  using  the  value  of  loss  of  head  originally  given,  the 
quantity  in  Column  (f)  of  that  table  becomes  1.G433,  which,  as  the 
curves   are  of  the  same  length,  may  replace  the  value  for  the  40-ft. 
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Messrs.  radius  curve,  and  is  seen  to  conform  more  closely  to  tlie  other  values 
Hubbeu'and  than  does  that  of  1.478  obtained  from  the  latter,  thus  showing  the 
Fenkell.  40-ft.  radius  curve  resistance,  as  originally  given,  to  be  very  probably 
low,  and  confirming  the  foregoing  assumjitions  to  that  extent. 

Applying  similar  reasoning  to  the  16-in.  curve  experiments,  the 
piezometer  at  the  inlet  of  the  5-ft.  radius  curve,  which  was  preceded 
bv  473  ft.  of  straight  jjipe  without  specials,  undoubtedly  gave  a  correct 
indication,  while  the  outlet  read  low,  thus  giving  this  curve,  like  the 
first  on  the  30-in.  line,  a  high  ajjparent  resistance.  For  the  compound 
curve,  the  readings  of  the  inlet  and  the  outlet  were  probably  about 
equally  affected,  being  at  nearly  equal  distances  from  the  outlets  of 
curves  of  nearly  the  same  mean  radii,  so  that  the  observed  loss  is 
probably  nearly  correct,  but  the  inlet  to  the  Army  tangent  reading 
low,  while  its  outlet,  being  over  260  diameters  from  the  curve,  read 
correctly,  makes  the  loss  in  this  section,  to  which  the  curves  are  com- 
j)ared,  too  low,  so  that  their  excesses  are  highland  Points  13  and  10  on 
Fig.  90  should  be  lowered,  bringing  them  into  closer  coincidence  with 
the  30-in.  experiments.  The  specials  in  the  Porter  tangent,  and  the 
additional  fast  that  its  inlet  was  probably  affected  by  a  16  x  12-in.  Y, 
about  6  ft.  up  stream,  renders  it  impossible  to  deduce  from  the  16-in. 
experiments  any  more  concrete  results. 

On  the  12-in.  line,  the  chances  seem  to  be,  as  claimed  by  Messrs. 
Saph  and  Schoder,  that  the  piezometers  at  the  outlets  of  all  the  curves 
gave  low  indications,  and  that  those  at  the  inlets  of  the  4-ft  and  1.08- 
f t.  radius  curves  also  were  affected,^  on  account  of  the  preceding  gates, 
the  effect  of  the  latter  being  possibly  to  increase  the  readings  on 
account  of  the  retardation  of  the  velocity  at  the  toj)  of  the  pipe.  From 
this  it  would  appear  that  the  observed  losses  for  all  these  curves  are 
too  high,  and  that  the  error  may  be  greater  in  the  cases  of  the  4-ft.  and 
the  1.08-ft.  radius  curves,  so  that  Points  9,  11,  12,  15  and  16  on  Fig.  90 
should  be  lowered. 

Confirmation  from  other  Experiments. — Regarding  the  locus  pre- 
sented by  Mr.  Hortou  in  Fig.  112,  the  writers  are  unwilling  to  admit 
that  portion  of  it  beyond  Point  14,  as  its  passing  through  the  origin 
involves  the  assumption  that  a  right-angled  deflection,  as  formed  by 
two  intersecting  cylinders,  would  give  no  excess  resistance  over  a 
straight  pipe.  On  this  point  the  experiments  of  Weisbach,  ail  of 
which  were  made  upon  curves  of  less  than  2  diameters  radius,  includ- 
ing the  right-angled  elbow,  confirm  the  indications  of  the  writers'  ex- 
periments that  from  a  radius  of  0  diameter  to  one  of  about  2^  diameters 
the  resistance  decreases  as  the  radius  increases.  Weisbach's  formula, 
as  stated  by  Mr.  Campbell,  shows  that  the  curve  of  increase  of  resist- 
ance becomes  so  flat  after  passing  the  2-diameter  point  that  little  is 
.  to  be  gained  by  using  a  radiiis  greater  than  5  diameters,  and  the  con- 
clusion is  that,  for  practical  purposes,  the  line  soon  becomes  asymp- 
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totic   to   the   axis   of   abscissas.     Had    Weisbach's  experiments  been      Me««r». 
extended  to  curves  of  greater  radius,  be  iirobablv  would  have  found  }Uihh^u",uui 
that  instead  of  an  asymptote  he  had  a  minimum  with  a  branch  curving     Fenkeli 
upward.     The  form  of  the  writers'  curre  for  the  higher  radii  confirms 
the  result  of  the  experiments  upon  2^-in.  hose,  made  in  1888  by  John 
R.   Freeman,*  M.   Am.  Soc.  C.  E.,  and  presented  to  this  Society  in 
1889,  wherein  it  was  found  that  decreasing  the  radius  of  curvature 
from  14.4    diameters   to   12   and   then   to  9.6   diameters   caused   the 
excess  resistance  over  straight  pipe  to  decrease  continuously. 

EEcoiiprTATioN  OF  CmvE  Excesses. 

From  the  foregoing,  however,  it  appears  that  a  further  investi- 
gation of  the  writers'  exi^eriments  is  necessary  to  establish  more 
reliably  the  quantitative  results.  For  this  it  is  possible  to  select, 
from  the  various  points  at  which  piezometer  connections  were  located, 
some  which  are  preceded  by  such  considerable  lengths  of  straight  pipe 
as  to  render  probable  the  existence  there  of  nearly,  if  not  quite,  normal 
conditions  of  flow,  whence  their  indications  may  be  considered  as 
reliable. 

Conditions. — The  connections  so  located  are  shown  in  Table  No.  86. 

TABLE  No.  86. — Piezometers  Under  Normal  Flow. 


No. 
(1) 

Outlet  of- 

Inlet  of— 
(3) 

lS^^.°                  NK.REST  SPECIALS. 

Feet. 

Diam- 
eters.            Kind. 

(5)                    (6) 

Distance 
up  stream. 

(7) 

\ 

Haie     tangent 

Rowena      "      

Brady          "      

S.  Rivard    "      

N.  Rivard  •■  .... 
E.  .A  1  e  X  a  n  d  r  i  ne 

tangent 

W.  A  1  e  X  a  n  d  r  ine 

tangent 

Experimental  line. 

60-f  t.  radius  curve. 

25-ft. 

15-ft- 

X.  Rivard  tangent. 

lO-ft.  radius  curve. 

Hastings  special. . . 

6-ft.  radius  curve.. 

1  970± 
321.83 
360.81 
304. 40 
756.08 
940.18 

737.65 

1  170.16 
880.19 

1 

788              None. 

129 

144        30-in.  gate. 

122               None. 

302        80  X  6-in.  tee. 

376        30  X  6-in.    " 

296              None. 

468        80xlO-in.  Y. 
352    ,    30  X  e-in.  cross. 

Feet.  Diam- 
eters. 

2... 
3... 
4... 
5... 

6... 
7. . . 

345      =  13(C 

lSte.3  =    68 
126.5  =    46 

8... 
9 

410      =  164 
877.6  =  160 

Of  these  nine  points,  all  but  three  seem  to  be  beyond  question,  so 
far  as  effects  of  distortion  are  concerned.  The  three  possibly  doubt- 
ful ones  are  Nos.  2,  3  and  4,  but  any  effect  at  these  points  must  be 
very  nearly  the  same  in  amount  at  all,  so  that,  if  present,  the  result 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxi,  page  362. 
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Messrs.     will  be  high  losses  from  1  to  2  and  low  losses  from  4  to  5,  the  losses 
Hubb^land  from  2  to  3  and  3  to  4  being  approximately  correct,  as  the  connections 
Fenkell.     g^^  gg^^j^  g^^j  would  be  similarly  affected. 

The  eight  divisions  of  the  line  made  by  these  connections  will  be 
designated  by  the  first  eight  letters  of  the  alphabet.  From  them  it 
is  i^ossible  to  write  eight  equations  between  the  various  factors  caus- 
ing loss  of  head,  and  the  observed  losses  of  head  in  the  component 
experimental  sections  of  each  division,  the  latter  being  taken  from  the 
experiments  of  1899,  because  only  then  were  all  the  sections  experi- 
mented VLJiOll 

The  factors  entering  these  equations  are : 
1.  The  loss  of  head  per  foot  in  straight  30-in.  pipe  under  normal  flow. 


2 
to 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 


The  excess  loss  of  head  caused  bv  nine  curves. 


"         "  "  "  a  30-in.  gate. 

a  30-in.  Y- 
aSOx  10-in.  Y- 
a30x8-in.  cross. 

"         "  "  "  a.SOx  6-in.  cross. 

a  30  X  6-in.  tee. 
a  joint. 

"        "  "  "  changes  in  roughness  of  the  pipe 

wall. 
19.     *'        "        "  •'  "  changes  in  diameter. 

It  thus  appears  that  there  are  nineteen  unknowns  to  be  obtained 
from  eight  equations,  and  a  rigid  solution  becomes  impossible.  As 
the  variations  in  diameter  and  in  roughness  are  comparatively  small, 
these  items  may  be  rejected,  and  as  the  effect  of  the  joints  has  already 
been  examined  and  found  negligible,  it  will  also  be  dropped.  It  is 
at  once  evident  that  a  30  x  6-in.  tee  may  fairly  be  assumed  to  intro- 
duce one-half  the  excess  resistance  introduced  by  a  30  x  6-in.  cross, 
and  as  in  these  specials  the  6-in.  ones  had  a  bell- mouth,  while  the 
30  X  8-in.  cross  did  not,  it  also  seems  fair  to  assume  that  the  latter 
cross  would  cause  very  nearly  the  same  excess  resistance  as  one  of 
the  former.  The  30  x  10-in,  Y  will  also  be  assumed  to  cause  the  same 
excess  resistance  as  the  30  x  6-in,  cross.  All  these  specials  had  the 
branch  at  the  top  or  bottom,  not  at  the  center  of  the  30- in.  pipe,  and 
on  this  account  the  last  assumption  becomes  tenable. 

The  division  of  the  line  into  the  eight  sections  is  such  as  to  include 
two  curves  in  each  of  the  first  three,  so  that  they  can  only  be  treated 
in  pairs,  and  thus  there  remain  six  curve  unknowns,  the  gate,  the 
30  in.  Y,  and  the  small  specials,  besides  the  loss  of  head  in  straight 
pipe,  making  ten  unknowTis  to  be  derived  from  eight  equations.  Table 
No.  87  presents  the  data  from  which  the  equations  may  be  written. 
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TABLE  No.  87  — Lengths  and  Distubbances. 


(1) 


(3) 


a 


(3; 


(4) 


o 


> 
3 


(5)  ;    (6) 


^...  I,  n,  III,  IV |653.59     2  long  compounds.  2 ;>..;  1 

5...  V  (-VI),  VII,  VII. .'644.351  ""■".-^"'i  '"^''*-  '^<*'"«-   '-  1 

I  j  (  I        '"+"•** s 

r<       T-v  /      Y\   vT  YTT      'roo  fw J  25-ft.  radius   and  small  I  ^ 

C...  IX  (-X),XI,  XU...  583.08-j  compound.       <  +  w.    f  " 

Z)...IXIII,XIV 867.86     15-tt.  radius,    i- 1 

.B...XV 184.10      1 

JS"...  XVI.  XVII 845.50     10-£t.  radius,    to ;  0 

G...'XVIII,XIX 432.51      1  1 

/f  ..i  XX,  XXI,  XXII 984.90     6-ft.  radius,    x I  1 


(») 


3^  Ilk 
(8) 


Me»terH. 

Williams. 

Hubbell  and 

Fenkell. 


4.8806 
8.M86 

8.8889 

4.5292 
0.9600 
4.1474 
2.0998 
4.8180 


Equations. — Letting  the  loss  of  head  per  foot  of  30-in.  straight  pipe 
under  normal  flow  =  a,  and  the  observed  loss  of  head  in  the  Bra<ly 
tangent  =  b,  the  following  equations  are  written : 

(a) 2p  +  (?  +  F+  £  =  4.2308  b  —  653..59  n; 

(b) (r  -f-  s)  4-  G!  +  2  2  =  3.9486  b  —  644. .35  n; 

(c) (<  +  m)  +  2  =  3.2889  b  —  593.08  n; 

(d) V  +  G  ■\-l  z  =  4.5292  b  —  867.86^; 

(e) G  +  Sz  =  0.9660  h  —  184.10«.- 

(f)    W=  4.1474  6  —  845.50fl; 

(g) G  -{-22  =  2.0993  h  —  432.51fl; 

(h) V  -\-  G  -\-2  2  =  4.8180  b  —  984.90^/. 

Determination  of —.—To  simplify  the  second  member,  a  relation 

must  be  established  between  a  and  b.  For  this  there  may  be  utilized 
the  observed  losses  in  eight  tangents  which  contain  no  specials,  but 
three  of  them  are  so  short  that  they  would  be  discarded  for  this  pur- 
pose, even  if  they  were  not  so  located  as  to  bo  very  ])robably  atTcctod 
by  ijreceding  curves.     The  others  are  shown  in  Tiibk>  No.  88. 

Of  these,  the  Brady  and  the  East  Alexandrine  tangents  seem  most 
entitled  to  credit,  and  as  the  experiments  show  the  curve  preceding 
the  former  to  cause  more  resistance  than  that  preceding  the  latter, 
and  as,  moreover,  the  latter  is  longer  and  hence  proportionally  less 
affected  by  the  resistance  extending  into  it  from  the  ]>recodiug  curve. 
and  the  imperfect  reading  of  its  inlet  piezometer  (if  that  is  imperfect), 
the  relation  betAveen  a  and  b  will  be  established  from  the  East  Alex- 
andrine tangent  as  a  first  approximation.     Using  the  observed  results 

from  Table  No.  28,  this  gives : 

645.50  a       otn  4-1 
645.50  a  =  3.0678  b;  whence  b  =  -3  0678    ""  "' 


Messrs. 

WilliaI^^■, 

Hubbell  ami 

Fenkell. 
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TABLE  No.  88.— Tangents. 


Name. 


(1) 


Hale  Street 

Rowena  Street 

Brady  Street 

East  Alexandrine  Avenue. 

West  Alexandrine  Avenue 


I.SLET   DISTANT 

FROM  CURVE.       ' 

Length,  in 

feet. 

Feet. 

Diame- 
ters. 

i^) 

(3) 

(4) 

2*4.92 

H6.91 

35 

292.23 

68.58 

27 

212.25 

92.25 

37 

&45.50 

92.15 

37 

(  409.00 
(Inlet  pre 

737.65 

295 

ceded 

by  Hast 

Ratio  of  observed  Hf 
per  200  ft.  to  ob- 
served Hf  in  Brady 
tangent. 

(5) 


0.8611 
0.8598 
0.9420 
0.9504 
0.9416 
ings  specials. 


Equations  (e)  and  (g)  furnisli  a  ready  opportunity  of  verifying  the 
accuracy  of  this  relation ;  whence  is  obtained 

(e) . . . .  6^  4-  3  ^  =  (203.26  —  184.10)  a  =  19.16  a 

(g) ....  G  +  22  =  (441.71  —  432.51)  a  =    9.20  a 

2  =  9.96  a 

This  value  of  z  is  evidently  absurd,  for  it  requii-es  that  G  have  a 
negative  value,  which  seems  highly  improbable,  as  all  the  traverses 
taken  near  and  down  stream  fi'om  gates  show  the  flow  to  be  retarded 
on  the  side  next  the  bonnet,  with  considerable  distortion  of  the  veloci- 
ties. To  give  6r  a  positive  value,  a  higher  value  for  h  in  terms  of  a  is 
required,  or  the  ratio  of  the  tangent  resistance  to  the  Brady  tangent 
must  be  decreased.  This  confirms  the  earlier  conclusion,  that  a  por- 
tion of  the  resistance  caused  by  the  curves  was  carried  on  into  the  fol- 
lowing tangent  beyond  the  down-stream  piezometer  of  the  curve  sec- 
tion. Such  being  the  case  with  the  Alexandrine  tangent,  which  fol- 
lows one  of  the  two  curves  producing  the  least  resistance,  it  is  a  fair 
conclusion  that  the  other  tangents  will  be  affected  even  more,  and 
hence  there  is  no  reason  to  select  any  particular  one  of  the  relations 
given  by  the  five  tangents  above,  and  it  becomes  necessary  to 
establish  the  relation  between  a  and  b  between  limits  as  the 
only  remaining  method  of  procedure.  Evidently,  the  least  value 
which  G  may  consistently  have  would  be  G  =^z,  and  the  greatest 
would  result  when  z  =  i).  From  Equations  (e)  and  (g)  it  is  pos- 
sible to  deduce  a  value  for  —  on  each  of  these  assumptions,  which 

a 

will  therefore  be  limiting  values  of  this  ratio.     On  the  first  assump- 
tion, that  (?  =  2 

{&).... G  +  3^  =  0.9660  Z/  —  184.10  o  =  4  G  =42 

(g) . . . .  (;  -f  2  2  =  2.0993  b  —  432.51  «  =  3  G'  =  3  2 
3 
"Whence    —  (0.9660  b  —  184.10  a)  =  2.0993  b  —  432.51  a. 
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or  0.7245  b  —  13S.075  a  =  2.0993  h  —  432.51  a,  M««n.. 

A  oin  AviK  Williams, 

or       294.435  a  ==  1.3748  h,  and  -  =  ^^^^^  =  214.16;  "^'SiT'* 

and,  on  the  second  assumption,  2  =  0,  there  results,  from  (e)  and  (g), 
2.0993  b  —  432.51  a  =  0.9660  b  —  184.10  a,  or  1.133:3  6  ==  248.51  a,  and 

A  =  |^  =  mi9. 

a        1. 1333 

From  the  ratios  —  =  214. 16  and  219.19,  the  ratios  of  the  loss  in 

a 

200  ft.  of  normal  tangent  to  the  observed  loss  in  the  Brady  tangent 
become  0.9337  and  0.9124,  respectively,  which  are  the  limiting  values, 
and  it  is  seen,  by  reference  to  Column  5  of  Table  No.  28,  that  none  of 
the  observed  values  of  tangent  resistance  falls  within  these  limits, 
some  values  being  greater  and  some  less.  This  may  at  first  seem 
anomalous,  but  it  must  be  remembered  that  the  effect  of  distortion  is 
to  cause  an  increase  of  resistance,  while  the  flow  is  readjusting,  and 
that  this  readjusting,  or  change  of  condition,  causes  the  piezometric 
indication  to  be  low,  as  already  described.  It  is  quite  possible,  there- 
fore, that  the  increased  resistance  may  be  so  great  as  to  cause  the 
apparent  resistance  to  show  a  i^ai-t  of  the  increase,  even  though  the 
piezometric  indication  at  the  inlet  is  affected  in  opposition. 

H^per  1  000  Ft.— The  loss  per  I  000  ft.  of  30-in.  tangent,  by  com- 
parison with  the  Brady  tangent  reductions  given  iu  Table  No.  28, 
Columns  7  and  8,  becomes,  as  a  maximum: 

^SoV  X  0.1192  r-=  0.1181  F^ 
0.9421 

0  9124  •>  o 

and  as  a  minimum -pr^.^,   X  0.1192  F-  =  0.1154  V: 
0.9421 

This  shows  the  variation  between  the  extreme  values  of  the  tangent 
resistance  to  be  slightly  less  than  2h%,  or,  if  a  mean  value  be  taken, 
it  cannot  be  more  than  \\%  in  error. 

Taking  as  such  a  mean  value  of  Uf  i)er  1  000  ft.  of  straight  30-in. 
pipe,  0.1170  F-,  for  which  c,  in  the  Chezy  formula,  is  116.94,  the  proper 
values  of  G  and  z  are  determined  from  Equations  (e)  and  (g).  as 
follows : 

For  iy^per  1  000  ft.  =  .1170  F^  a  =0.46202  Brady,  or    *^^  =  216.44. 

(e)  G^  4-  3  2  =  0.9600  h  —  184.10  a  =  (209.08  —  184.10)  a  =  24.98  a 
ig)  G  -\-2z  =  2.0992  b  —  432  51  a  =  (454.37  —  432.51)  a  =  21.86  u 

Subtracting  2  =  'S.1'2  a 

Adding  2  G  +  5  z  =^  '*6.84  u 

^       46.84  —  15.60  ,,„.,  , 

G  ==■ (I  =  lo.o2  it. 

2 

Attention  is  to  be  called  to  the  fact  that  these  values  of  a,  G  and 

z,  the  losses  in  straight  30-in.  pipe,  in  a  30-in.  gate,   and  the   small 
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Messrs.  30-in.  sjiecials,  are  determined  from  sections  wherein  no  piezometric 
Hubbell  and  error  due  to  distortion  is  to  be  expected.  No  correction  has  been  ap- 
Fenkell.  pjj^^j  foj.  jjossible  difference  of  diameters  at  the  piezometer  points, 
because  the  best  evidence  at  hand  indicates  that  there  was  no  differ- 
ence in  the  case  of  the  shorter  length,  the  North  Eivard  tangent, 
184.10  ft.  long,  and  that  in  the  other  section  made  ujj  of  the  Hastings 
specials  and  the  West  Alexandrine  tangent,  the  length  being  432.15 
ft.,  the  necessary  correction  for  this  effect,  as  may  be  deduced  from 
Table  No.  51,  woiild  be  less  than  i  of  1  per  cent. 

Excess  Resistances. — Apjjlying  these  values  to  Equations  (a),  (b), 
(c),  (d),  (f)  and  (h),  the  results  in  Table  No.  89  are  obtained: 


TABLE     No.     89. 


-Excess    Resistance    in    30-Inch     Cukves    ani> 
Specials. 


Mean  Value  H^  per  foot   of    Straight   30-In.  Pipe,  with  Normal  Flow 

=  0.000117   V-. 


Disturbing  cause. 


(1) 


jToTAL  Excess  H/  Meas- 
CRED      IX    Feet     of 
I    Straight  Pipe. 


30-in.  gate 

30  X  10-in.  Y,  or  30  X  ti-in.  cross,  or  two  30  x 

6-in.  tees 

6-ft.  radius  =    2.4-diameter  radius  curve 

lO-ft.       "      =    5  "  •'  "... 

15-ft.       •'      =    6  '•  '•  "    .... 

25-ft.  radius  =  lO-diameter    radius    curve  I 

with  small  compound  =  5.7-radiuscurve.  ! 

reversing  and    joined    by    136.79  ft.  of  f 

tangent J 

60-ft.  radius  =  24-diameter  radius  curve.] 

with  40-ft.   radius  =  16-diameter  radius 

curve,  reversing  and  joined  by  73.58  ft. 

of  tangent 

Two  long  compound  =  16-diameter  radius"! 

curves,  reversing  and  joined  by  193,59  ft.  ! 

of  tangent,  and  one  30  x  30-in.  Y  in  first  ( 


^.e.1*r-   By  Fig.  90. 


duction 

<3) 


15.62 

3,12 
36.06 
52.16 
74.99 


125.65 


188.43 


(3) 


31.40 
34,60 
83.00 

155.00 


303.40 


382.60 


Apparent  Error  in 
Fig.  90.  No  Cor- 
rections for  G 
OR  z. 


Feet. 

(4) 


Percent- 
age. 

(5) 


—4.66 

—17.56 

-f8.01 

4-39.35 


-fll4.G7 


-f  139. 21 


— 14.» 
—50.8 
-f9.6 

-fl8.9 
-f37.9 
-1-36.4 


As  is  shown  in  the  last  column  of  Table  No.  89,  while  the  qualita- 
tive results  in  the  original  paper  are  sustained,  the  quantitative  results 
are  altered  materially,  and  Column  2  may  be  taken  as  giving  the  most 
reliable  values  of  excess  resistance  obtainable  from  the  experiments. 
The  only  source  of  error  in  the  last  computations  seems  to  lie  in  the 
assumed  relation  between  30  x  6-in.  crosses  and  30  x  10-in.  Y's,  which 
error,  if  it  exists,  will  produce  but  a  small  change  in  the  final  values, 
as  the  total  amount  of  the  loss  2  is  onlv  3.12  ft.,  and  if  it  be  assumed 
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that  the  Y  causes  twice  the  resistance  duo  to  the  cross,  the  greatest  M^fars. 
change  occurs  when  the  value  lor  the  latter  remains  3.12  ft.,  the  Y  Hufibf-li  ami 
becomes  6.24  ft.,  and  the  gate  is  reducetl  to  9.38  ft.,  an  amount  con- 
siderably  below  what  judgment  would  ascribe.*  Whatever  errors  may 
exist  in  the  piezometric  indications  at  Points  2,  3  and  4  can  only  affect 
the  last  four  determinations  of  Table  No.  89,  and,  as  already  said, 
probably  do  not  affect  materially  those  of  either  the  60-ft.-40-ft. 
radius,  or  the  25-ft.  radius-small  compound  sections.  These  final 
results  establish  a  much  more  rapid  increase  in  the  excess  V)etween  '2J 
and  4  diameters  than  did  the  direct  observations,  which  increase  in 
the  latter  case  was  more  than  sufficient  to  counteract  any  gain  due  to 
the  shorter  lines  connecting  two  points,  as  a  simple  com})utation  will 
show. 

To  connect  two  points  100  ft.  from  the  P.  I.  of  tangents  at  right 
angles : 

i?=6  R^4  R  =  2A 

diameters.         diameters.        diameters. 

Tangent  length 188.00  192.00  195.2 

Curve  length 9.42  6.28  3.77 

Total 197.42  198.28  198.97 

Loss,  as  straight  pipe 197 .  42  198 .  28  108 .  97 

Curve  excess 74.99  52.16  36.06 

Total 272.41  250.44  235.03 

The  resistance  is  here  represented  in  units  of  the  resistance  in  1  ft. 
of  straight  i3ipe. 

The  next  phase  of  the  question  to  be  considered  is  that  of  the  cost 
of  the  several  lines. 

Cost  of  Construction.— The  question  of  the  relative  cost  and  advan- 
tages of  long  ve7-sics  short  curves,  in  practical  work,  has  been  alluded 
to  by  Mr.  Campbell,  and,  later,  Mr.  Gould  (page  272),  "thinks  that, 
other  things  being  equal,  the  practical  decision  will  always  be  in  favor 
of  the  shortest  line,"  a  proposition  that  all  will  grant,  but,  in  this 
case,  other  things  are  by  no  means  equal,  as  will  be  shown. 

That  no  misunderstanding  may  exist,  the  following  is  taken  from 
page  3  of  the  paper : 

"  The  writers  do  not  pretend  by  any  means  to  have  exhausted  the 
subject,  and,  as  these  investigations  cover  only  curves  of  90  \  and  do 

♦With  this  assumption  the  remaining  excesses  become:  6-ft  raiiius^  42.ai<i  :  10  ft. 
radius  =  52.16a  ;  15-ft.  radius  =  ()8.74o  ;  small  compound  +  a-i-ft  radiiis  -  l-; •"•;"  • 
60.ft.  radius  4-  40-ft.  radius  =  191.54<r  :  two  large  compounds  /  30  in.  y  .  -•«•■"-". 
and  6  =  214.81a  to  219.19r/,  or  approximately  as  l.ef..re.  the  pnnniwl  olianK.-s  b.  mg  n 
the  6-ft.  and  15-ft.  radius  curves,  and  none  appearing  in  the  10  ft.  anil  the  -small  com- 
pound sections. 
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Messrs.      not  1-eacIi  the  curves  of  very  long  radius  occasionally  used,  there  is 

Williams,    g^.Qj  ^  ygj,y  interesting  and  extensive  field  left  untouched." 
Hubbell  and  -'  '=' 

Fenkell.  rjj^g  ^gg  ^j  curves  of  extremely  long  radius,  such  as  are  formed  by 

deflecting  straight-length  pipe,  is  generally  confined  to  places  where, 
for  topographical  reasons,  it  is  desirable  to  keep  at  or  near  the  hydrau- 
lic grade  line,  or  closely  conform  to  contour  lines.  In  general  water- 
works construction ,  however,  curves  are  located  in  streets  and  alleys, 
where  the  width  of  available  right-of-way  is  Hmited,  and  the  radius 
needs  to  be  short  enough  to  allow  the  pijje  to  have  plenty  of  clearance 
at  the  street  corners. 

Without  considering  the  relative  frictional  loss  in  curves  of  various 
lengths,  discussed  above,  Table  No.  90  shows  the  relative  length  and 
cost  of  a  line  of  water  pipe  containing  two  tangents  and  one  90°  curve; 
the  beginning  and  end  of  the  line  fixed,  and,  in  all  cases,  100  ft.  from 
the  P.  I.  of  the  tangents.  As  the  length  of  the  curve  increases,  the 
lengths  of  the  tangents  decrease  somewhat. 

The  cost  of  straight  pipe  is  taken  at  SI  per  foot,  and  that  of  curves 
at  from  SI  to  S5  per  foot. 

For  a  practical  examjjle  of  these  relative  costs,  it  may  be  stated  that 
at  Detroit,  in  1901,  7  000  tons  of  42-in.  pipe  cost  about  $23  per  ton,  and 
the  necessary  specials  cost  S65  per  ton,  or  curve  castings  cost  2.83 
times  the  equal  weight  of  straight  pipe.  Because  of  the  additional 
weight,  number  of  joints,  and  expense  in  laying,  the  curved  pipe  when 
set  cost  api^roximately  8.13  times  that  of  an  equal  length  of  tangent. 

It  ajJiJears,  therefore,  that,  without  regard  to  frictional  resistance, 
unless  the  cost  for  curves  laid  is  the  same  or  lower  than  that  for 
straight  pipe,  which  it  seldom  if  ever  is,  the  shorter  the  radius  of  the 
curve,  the  less  the  cost  of  the  work. 

Conclusion.  —In  the  light  of  the  foregoing,  the  writers  believe  Con- 
clusion JTto  be  established. 

As  to  the  correctness  of  the  statement  that  "  the  theories  and  prac- 
tices regarding  curve  resistance,  as  set  forth  in  the  hydraulic  treatises 
of  all  nations  up  to  the  present  time,  are  absolutely  incorrect  and  the 
diametric  opposite  of  the  time  conditions,"  it  is  unnecessary  and  im- 
possible to  cite  all  the  evidence  accumulated.  An  examination  of  the 
various  treatises  on  hydraulics,  contained  in  one  of  the  most  complete 
libraries  in  America,  made  before  this  paper  was  written,  failed  to 
show  in  an  Italian,  Spanish,  French,  German,  English,  Canadian  or 
American  hydraulic  textbook  or  manual,  a  single  statement  to  indicate 
that  curve  resistance  ever  decreased  with  the  radius,  and  likewise 
failed  to  show  one  in  which  it  was  not  either  directly  stated  or  clearly 
intimated  that  long  easy  curves  offer  less  resistance  to  the  flow  of 
water  than  those  of  shorter  radius.  Although  Mr.  Freeman's  experi- 
ments on  curves,  referred  to  herein,  have  been  in  print  more  than  ten 
years,  the  writers  have  yet  to  find  a  single  citation  of  them  in  any 
hydraulic  textbook. 
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Messrs.  CON'CLUSIOSS   FEOM   THE   DlSCUSSIOKS. 

Williams, 

^F^^kell"  In  the  discussions  of  this  pajjer  many  jjoints  have  been  brought 

out  in  addition  to  the  conclusions  of  the  writers,  and  some  of  the  most 

important  will  be  considered. 

Curves  Other  than  00  Degrees. — One  of  the  most  interesting  ques- 
tions, particularly  in  connection  with  Conclusion  K,  is  involved  in  the 
experiments  presented  by  Messrs.  Saph  and  Schoder,  upon  curves  of 
180',  in  which  the  radii  varied  from  9.58  to  3.84  diameters,  the  pipe 
line  being  of  2-in.  seamless  brass  tubing. 

On  first  examination,  the  results  obtained  appear  to  flatly  con- 
tradict those  of  the  Detroit  experiments,  for  neither  with  the  Pitot 
tube  nor  with  the  loss-of-head  gauges  was  there  found  any  indication 
that  either  the  distortion  or  H,  was  influenced  by  the  radius  of  curv- 
ature. The  exjilanation,  however,  is  obvious.  If,  as  concluded  by 
the  writers,  the  resistance  due  to  curves  is  largely  controlled  by  the 
distortion  produced,  and,  as  is  shown,  the  short  curve  produces  less 
distortion  than  a  long  one,  it  is  to  be  expected  that  a  curve  of  any 
radius  might  be  made  sufficiently  long  to  jjroduce  the  same  distortion 
as  one  of  greater  radius  but  less  angular  deflection.  This  conclusion 
is  borne  out  by  the  traverses  of  the  observers  in  the  9.58-diameter 
curve,  Fig.  124,  whereby  it  is  shown  that  very  little  distortion  takes 
jDlace  in  the  second  quadrant,  and  explains  the  experiments  of 
Weisbach,  who  found  that  adding  90-  to  a  90-  curve  of  the  same 
radius  only  increased  the  resistance  about  40  per  cent.* 

It  appears,  therefore,  that,  in  these  180-  curves,  for  all  radii,  the 
water  received  its  full  distortion  before  leaving  them,  and,  conse- 
quently, the  resistance  of  all  was  substantially  the  same.  This  also 
accounts  for  the  right-hand  portion  of  the  locus  on  Fig.  90,  when 
properly  corrected,  as  indicated  on  page  353,  becoming  asymptotic  to 
the  axis  of  abscissas,  and  it  follows  that,  after  a  certain  radius  is 
reached  for  any  degree  of  curvature,  no,  or  very  little,  additional  loss 
will  be  introduced  by  lengthening  either  the  angular  deflection  or  the 
radius,  but  that  the  loss  will  be  percejatibly  diminished  if  either  is 
decreased.  Consequently,  short  radii  should  be  used  for  small  deflec- 
tions. Weisbach  found  that  when  a  tangent  was  introduced  between 
two  curves  turning  in  the  same  direction,  the  loss  of  head  added  by 
the  second  curve  was  increased,  which  is  as  would  be  expected,  for  as 
soon  as  the  water  reaches  the  tangent  the  distortion  begins  to  reduce 
itself  and  the  water  not  only  has  to  be  re-distorted  in  the  second  curve, 
but  energy  is  absorbed  in  the  readjustment  in  the  tangent. 

Comhindtions  of  Curves. — In  the  light  of  this,  it  is  by  no  means 
impossible  that  the  plan  for  joining  two  tangents,  proposed  by  Mr. 
Gould  on  page  271,  by  using  two  45°  curves  with  a  tangent  between, 
might  cause  a  greater  loss  of  head  than  the  longer  line  with  a  single 

*  See  Tlie  Technic,  University  of  Michigan,  1S99,  p.  53. 
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90"  curve.  Evidently,  in  the  case  of  two  curves  turning  in  the  same  M^twre. 
direction,  the  nearer  together  they  are  placed  the  less  will  be  the  excess  mlbbelTand 
resistance  introduced  after  the  second  comes  into  the  region  of  influ-  •''enkell. 
ence  of  the  first,  because  the  total  work  of  distortion  is  reduced  as  they 
are  brought  closer  together.  When  the  curves  turn  in  opposite  direc- 
tions, however,  some  further  considerations  are  introduced.  If  the 
loss  of  head  due  to  curvature  were  wholly  made  up  of  the  resistances 
produced  by  distortion  in  the  interior  of  the  stream,  it  woiild  then 
make  no  difference  whether  curves  reversing  direction  were  near  together 
or  far  apart,  but  it  seems  quite  evident,  from  Fig.  122,  that  the  average 
velocity  next  the  wall  in  curve-distorted  flow  is  greater  than  in  normal 
flow,  and  hence  the  loss  of  head  due  to  friction  on  the  pipe  wall  mu.st 
be  greater,  so  that  while,  so  far  as  the  internal  work  is  concerned,  the 
energy  expended  in  a  pair  of  reversing  curves  would  be  the  same 
whether  they  were  near  or  wide  apart,  the  loss  due  to  this  added  fric- 
tional  resistance  is  reduced  when  the  slow  rearrangement  of  velocities 
in  the  tangent,  with  its  jirolonged  distorted  flow,  is  cut  out  by  placing 
the  curves  close  together.  This  conclusion  seems  to  be  borne  out  by 
the  experiments  of  the  writers  on  the  pairs  of  reversing  cun'es,  as 
presented  in  Table  No.  89,  where  it  is  seen  that  the  losses  for  the  25-ft. 
radius  and  the  small  compound  curve  are  not  twice  those  for  the  lo-ft. 
radius  curve,  though  the  radius  of  the  small  compound  is  ]4.15  ft.  It 
might  be  assumed,  perhaiis,  that  this  meant  that  the  2.5-ft.  radius  curve 
was  of  a  radius  such  that  the  loss  of  head  was  decreasing  and  might 
continue  to  do  so  for  larger  radii  thereafter,  were  it  not  that  the  data 
for  the  next  pair  of  similarly  situated  curves,  the  60-ft.  and  the  lO-ft. 
radius  ones,  show  the  loss  to  be  still  increasing  as  the  radius  increases. 
The  first  pair  of  curves  in  the  30-in.  line  is  complicated  by  the  presence  of 
the  30  x  30-in.  Y,  with  branch  pointing  up  stream,  it  being  placed  thereto 
feed  into,  not  out  of,  the  experimental  line.  In  this  position  it  would  be 
expected  to  produce  a  maximum  eflect,  and  it  is  possible  to  approximate 
that  effect  from  the  data.  The  mean  radius  of  the  two  large  compound 
curves  is  the  same  as  that  of  the  40-ft.  radius  curve,  and  if  it  is  assumed 
that  the  resistance  due  to  the  60-ft.  radius  is  the  same  as  that  due  to 
the  40-ft.  radius,  by  subtracting  the  excess  loss  in  the  second  pair  of 
curves  from  that  of  the  Y  and  the  two  curves  in  the  first  section,  a  lim- 
iting value  of  the  excess  due  to  the  Y  is  obtained.  This  value  is  seen 
to  be  equal  to  the  resistance  of  54. 9G  ft.  of  straight  pii)e,  or  about  the 
same  as  that  of  the  10-ft.  radius  curve,  or  of  three  gates  and  four  30  x 
'10-in.  Y's,  according  to  the  values  in  Table  No.  89.  The  (iO-ft.  radius 
curve  probably  does  introduce  more  resistance  than  the  40-ft.  radius 
curve,  and  other  complications  tend  to  make  it  quite  evident  that  this 
value  is  somewhat  too  great  for  the  30  x  30-in.  Y. 

Relation  of  Curve  Resistance  in  Large  and  Small  Pipes.— V^'ere  obser- 
vations available  on  the  intermediate  tangents  of  the  12-iu.  i)ipe  line 
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Messrs.      of  the  writers,  it  would  probably  be  iDOSsible  to  trace  the  relation 

Hubbeu'and  between  the  diameter  of  the  pipe  and  the  curve  resistance,  but,  as  the 

Fenkell.     cuj-ye  results  on  the  12-in.  pipe  are  somewhat  in  error,  although  no 

criticism  stands  against  the  tangent,  it  seems  unwise  to  attempt  it.  To 

undertake  to  go  from  the  90-  curves  in  30-in.  pipe  to  the  180^  curves  in 

2-in.  pipe  without  an  intermediate  step,  seems  to  be  too  wide  a  jump. 

The  relations  used  in  Fig.  90,  based  on  a  reduction  of  all  resistances 
toaneqiial  length  in  diameters,  the  writers  now  regard  as  misleading 
to  some  extent,  and,  therefore,  in  this  closing  discussion,  thev  have 
adhered  to  the  simple  excess  resistances  found  in  each  case,  which, 
when  properly  measured,  should  be  the  same,  whatever  the  length, 
used  after  the  full  effect  has  been  realized. 

Mr.  Brinckerhoff,  page  272,  presents  a  theory  of  curve  effect  which 
is  about  as  wide  of  Mr.  Tutton's  assumed  conditions  of  flow  in  straight 
pipe  as  two  projiositions  well  could  be,  and,  while  the  writers  are  not 
very  strongly  inclined  to  the  latter,  neither  are  they  quite  ready  to 
accept  the  former.  At  one  time,  one  of  them  was  disposed  to  explain 
certain  phenomena  on  the  theory  of  a  spiral  motion,  but  in  spite  of 
attempts  to  locate  such  motion,  no  direct  exi^erimental  evidence  of  its 
existence  has  yet  been  obtained,  and,  though  the  writers  consider  that 
Mr.  Brinckerhoff's  theory  is  ingenious  and  jjossibly  correct,  they  are 
not  prepared  to  indorse  it. 

Piezometer  En-ors. — Of  all  the  points  presented  in  this  paper  or  its 
discussions,  jirobably  none  is  more  important,  from  the  experimental 
standpoint,  than  the  erroneous  indications  of  piezometers  under  con- 
ditions of  abnormal  flow.  This  was  suggested  by  one  of  the  writers 
in  connection  with  the  Ogden  Experiments,*  and  was  further  discussed 
by  him  in  an  articlef  in  which  it  was  shown  that  Darcy's  famous  pipe 
experiments  were  thus  affected  at  some  points  to  such  an  extent  as  to 
call  down  uj^on  them  the  severe  criticism  of  the  late  Hamilton  Smith, 
Jr.,  M.  Am.  Soc.  C.  E.,:|;  but  that,  had  the  observations  simultaneously 
taken  at  the  middle  of  the  pipe  line,  where  normal  conditions  existed, 
been  utilized,  no  such  criticism  could  have  been  made.  Many  exjieri- 
ments  have  doubtless  been  affected  similarly,  and  this  is  undoubtedly 
the  cause  of  the  variable  action  of  the  Venturi  meter  in  the  exjieri- 
ments  already  discussed  (page  338).  The  increased  resistances  due  to 
the  distortions,  thus  exhibiting  themselves  at  pipe  entrances,  quite 
probably  may  account  for  part  of  the  difference  in  the  results  quoted 
by  Mr.  Mills  regarding  a  12-in.  curve  experiment,  from  those  of  the 
writers.  Mr.  Mills  (page  205)  shows  that  in  his  experiment  the  lossea 
were  greater  than  are  shown  by  the  writers,  while  all  corrections  that 
seem  to  be  warranted  in  the  writers'  data  would  reduce  their  excesses 
.still  further.     The  curve  used  by  Mr.  Mills  was  near  the  inlet  of  his 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xliv,  page  65. 

+  Journal  of  the  Association  of  Engineering  Societies,  March,  1901,  page  177. 

t  "  Hydraulics,"  page  258. 
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line,  and,  very  probably,  may  have  given  a  high  resistance  on  account      M«-KHrs. 
of  the  distortion  of  the  stream  entering  it.  Hu»>i>eirand 

Temperature  Effects. — The  data  regarding  the  influence  of  tempera-  '■♦^'"'''""■ 
ture,  i^resented  by  Messrs.  Saph  and  Schoder,  page  313,  open  up  a 
very  interesting  subject.  Examining  the  12-iu.  experiments  of  the 
writers,  part  of  which  were  made  in  November,  and  i)art  in  June,  evi- 
dence of  the  influence  of  temperature  is  found,  though  the  data  are 
insufficient  to  determine  its  extent.  In  another  investigation,  one  of 
the  writers,  in  experiments  involving  discharges  of  water  amounting 
to  200  cu.  ft.  per  second,  has  encountered  what  was  interpreted  as  an 
effect  due  to  temperature,  and  its  influence  upon  the  discharge  of 
small  weirs  has  been  investigated  and  demonstrated.  Such  effects 
may  even  be  traced  in  some  of  the  weir  experiments  of  the  late 
James  B.  Francis,  Past -Preside  at,  Am.  Soc.  C.  E  The  writers,  there- 
fore, agree  with  the  observers  that  this  element  cannot  be  always  safely 
overlooked. 

Cnjrillari/  Effects  in  Differential  Gauges. — The  discussion  presented 
by  Mr.  Fisher,  page  288,  in  reply  to  Mr.  AVisner's  question  regarding 
the  influence  of  the  diameter  of  glass  tubes  upon  piezonietric  indi- 
cations, is  another  valuable  contribution  to  experimental  data.  The 
question  is  one  that  has  frequently  arisen  in  practice,  and  caiised  the 
writers  considerable  speculation  before  their  experiments  were  com- 
pleted. The  results  obtained  by  the  experimenter  are  fully  sustained 
by  so  much  of  the  writers'  work  as  bears  upon  the  subject. 

Critical  Velocities,  Internal  Motion  and  Pulsations. — The  discussions 
of  this  jsaper  contributed  by  Messrs.  Thrupp,  Seddon,  Tutton,  Bazin, 
Hortou,  Henry  and  Brinckerhoff,  leading  as  they  do  into  the  realm  of 
molecular  forces,  require  for  their  proper  consideration  a  treatment  far 
transcending  the  limits  permissible  here. 

Professor  Osborne  Keynolds*  has  shown  that  when  water  flows 
through  i)ipes  of  small  diameter,  uj)  to  ^  in.,  at  least,  at  very  low 
velocities,  the  loss  of  head  varies  as  the  first  power  of  the  velocity,  and 
that  then  the  flow  takes  place  in  straight  lines,  but  that,  at  a  certain 
more  or  less  constant  velocity,  this  filamental  flow  breaks  down  and 
the  loss  of  head  thereafter  varies  as  a  higher  power  of  the  velocity  than 
the  first.  The  experiments  of  Poiseuille,  Hagen.  Jacobson  and  Hazen 
show  that  when  water  flows  through  cainllary  tubes  or  fine  sands, 
where  it  is  prevented  from  taking  up  internal  motions,  because  the 
area  of  the  cross-section  of  the  stream  is  almost  molecuhir,  that  //^ 
varies  very  nearly  as  the  first  power  of  V.  All  reliable  experiments  on 
record  show  that  as  the  diameter  decreases  the  exponent  of  F,  in  //^  = 
m  V",  decreases,  as  has  been  shown  for  the  lines  investigated  in  this 
paper:  30in.,  7/^  =  m  V';  16-in.,  H,.  =  m  F'-'";  Ti-in.,  //,  =  ;«  T'-"; 
and  2-in.  brass,  H^=m  F'-"",  from  a  possible  limit  of  V\     In  other 

*  Philosophical  Transactions,  London,  1883. 
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Messrs.  words,  the  more  the  chance  for  internal  resistance,  the  higher  the  ex- 
HTbb^"and  ponent  of  T.  To  the  writers,  then,  the  variation  of  the  exjionent  of  Fis 
Fenkell.  ^^^  index  of  the  character  of  the  flow,  and  when  that  becomes  greater 
than  unity,  straight-line  flow  is  over,  or,  the  critical  velocity  of  Pro- 
fessor Reynolds  is  past.  If,  then,  these  internal  motions  are  capable 
of  so  increasing  the  rate  of  loss  of  head,  it  is  evident  that  in  them  the 
controlling  conditions  of  the  laws  of  flow  are  to  be  looked  for,  rather 
than  in  the  surface  resistances.  But,  beyond  this  first  critical  velocity, 
there  apjjear  to  be  others  where  peculiar  lahenomena  appear,  for  it 
has  been  observed  that  with  the  2-in.  brass  pipe  used  by  the  writers, 
below  certain  velocities,  piezometers  near  the  inlet  gave  astonishingly 
low  and  variable  readings,  as  comjiared  with  those  farther  down  the 
line,  and  yet  the  exponent  of  V  for  the  down-stream  section  was 
apparently  the  same  as  at  higher  velocities  where  there  was  no 
evidence  of  erratic  performance.  The  location  of  this  critical 
velocity  might  be  anywhere  from  0.3  to  0.7  ft.  per  second.  At  a 
certain  other  velocity,  about  2.6  It.  per  second,  there  has  been 
observed  a  violent  pulsation  of  the  stream  in  this  pipe,  apparent  in 
Pitot  tube  gauges,  j^articularly  when  connected  to  point  and  ring,  but 
not  so  noticeable  on  resistance  gauges,  both  sides  of  which  were  con- 
nected to  ring  piezometers.  At  this  velocity  it  is  very  difficult  to 
observe  with  the  tube,  but  at  slightly  lower  and  slightly  higher  veloci- 
ties the  disturbance  ceases.  The  supply  of  this  line  comes  from  a 
tank,  the  inlet  of  which  is  controlled  by  a  float-valve,  and  there  exists 
no  means  of  transmitting  a  vibration  from  the  mains,  which  are  them- 
selves fed  from  a  reservoir,  to  the  exi^erimental  line.  The  pulsation 
evidently  originates  in  the  line  itself,  jarobably,  in  much  the  same 
manner  as  a  tone  is  produced  in  an  organ  pipe. 

The  writers  have  often  felt  that  the  subject  of  Hydraulics  has  not 
yet  attained  to  the  dignity  of  a  science,  but  is  really  little  more  than 
an  art,  and  that  it  is  only  by  the  most  conscientious  experimenting, 
and  the  most  scrupulous  presentation  of  the  facts  thus  obtained,  that 
it  can  be  advanced  along  the  proper  lines.  They  entered  uison  this 
investigation  with  no  theories  to  either  sustain  or  demolish,  and  were 
simply  looking  for  truth.  It  may  be  of  interest,  in  connection  with  Mr. 
Bering's  remarks  on  the  analogy  between  the  results  brought  out  by 
the  Avriters  and  the  experience  with  railroad  curves,  to  state  that  these 
experiments  were  first  suggested  to  the  writers  by  the  chapter  on 
curve  resistance  in  Wellington's  "  Eailway  Location,"  and  though 
the  suggestion  had  to  lie  dormant  for  fully  ten  years,  the  determina- 
tion to  make  the  experiments  only  awaited  the  opi3ortunity. 

In  closing,  the  writers  wish  to  express  their  aj^preciation  of  the 
thoroughly  scientific  spirit  in  which  this  paper  has  been  received  and 
discussed,  as  well  as  of  the  many  encouraging  sentiments  of  commen- 
dation, and  particularly  of  the  valuable  experimental  data  which  have 


DISCUSSION    ON    FLOW   OF    WATER    IN    PIPES.  369 

been  added  to  it.  Some,  no  doubt,  will  criticise  them  for  their  de-  Messrs. 
parture  from  the  hitherto  recognized  methods  of  reduction  and  pre-  Hubbeii  and 
sentation  of  such  data,  but  to  such  they  would  reply  that  the  formula,  ^^"''*'"- 
Hj-^=m  V'\  is  a  perfectly  logical  one,  and  about  the  simplest  that  can 
be  applied  to  the  flow  of  water;  for  those  who  wish  Chezy  coefficients, 
Tables  Nos.  37  and  38  have  been  prei)ared.  Others  may  wish  that  the 
theoretical  side  had  received  more  extensive  treatment,  but,  bearing  in 
mind  the  following  jsrecept  of  an  honored  instructor  of  one  of  them: 
"No  matter  how  rational  a  theory  may  appear,  no  matter  how  many 
phenomena  it  may  account  for,  no  matter  how  perfectly  it  may 
harmonize  with  any  number  of  observed  results,  if  there  remains  one 
fact  whose  existence  cannot  be  harmonized  with  it,  the  theory  must 
give  way,  for  the  fact  will  not,"  they  have  felt  that  until  the  theories 
they  would  i^ropound  were  at  least  beyond  collision  with  facts  with 
which  they  themselves  were  familiar,  they  should  confine  their  state- 
ments as  closely  as  possible  to  a  simple  presentation  of  experimental 
results. 

A  word  of  caution  they  would  add:  The  observations  herein  pre- 
sented are  facts;  the  interpretations  are  necessarily  theories;  the  latter 
may  change,  and  must  be  used  with  caution,  and  the  former  may  be 
only  true  for  the  partictilar  conditions  and  limits  under  which  they 
were  observed,  though  the  writers  see  no  reasons  at  the  present  time 
for  thus  limiting  them. 
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Paper  No.  912. 

CURRENT  METER 
AND  WEIR   DISCHARGE   COMPARISONS.* 

By  Edward  0.  Mukphy,  Assoc.  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messes.  Chakles  H.  Milleb,  Eudolph  Heking, 

MoREis  E.  Shebeebd,   L.  J.  Le  Conte,  J.   B.  Lippincott, 

E.    E.    Haskell   and   Edwaed   C.    Muephy. 


Tliis  jsaper  gives  the  results  of  a  series  of  experiments  made  at 
the  Hydraulic  Laboratory,  Cornell  University,  for  the  Hydrographic 
Branch  of  the  United  States  Geological  Survey,  to  test  the  accuracy 
of  velocity  measurements  obtained  with  the  current  meter,  used  by 
different  methods.  One  series,  only,  is  used,  in  order  that  the  paper 
may  be  short.  The  fifth  series  is  selected  on  account  of  the  wider 
range  of  velocities  embraced  in  it,  and  also  because  two  meters  at  a 
time  were  used  in  the  same  discharge  section,  thus  giving  a  comparison 
of  simultaneous  meter  velocity  and  discharge,  as  well  as  meter  and 
weir  discharge. 

*  Presented  at  the  meeting  of  October  16tli,  1901. 
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The  writer  has  two  objects  in  view  in  presenting  this  paper.  The 
first  is  to  show  engineers  and  others  the  degree  of  confidence  that  may 
be  placed  in  results  obtained  with  the  current  meter,  under  favorable 
conditions;  the  other  is  to  bring  out  in  the  discussion  the  reasons  why 
some  engineers  look  with  disfavor  on  the  current  meter. 

The  Hydraulic  Laboratory  of  Cornell  University  has  been  described 
elsewhere  *  and  it  will  be  sufficient,  for  the  i^uriJose  of  this  paper,  to 
describe  only  the  canal  in  which  the  meter  measurements  w^ere  made. 
This  is  a  rectangiilar  channel  having  a  concrete  bottom  and  sides,  415 
ft.  long,  16  ft.  wide  and  10ft.  deep,  with  a  bottom  grade  of  1  in  500. 
There  are  six  rectangular  gates  at  its  ujjper  end  and  four  at  the  lower 
end  for  regulating  the  water  supply.  Across  the  canal,  and  59  ft.  from 
the  upper  end,  there  is  a  bulkhead,  on  top  of  which  is  fastened  a  3.5  x 
5-in.  steel  angle-iron  forming  a  sharp-crested  or  standard  weir,  16  ft. 
long,  and  11.1  ft.  above  the  bottom  of  the  canal.  There  are  baffles 
above  the  weir  for  quieting  the  water  after  it  passes  under  the  gates, 
also  one  below  the  weir  for  a  similar  purpose. 

In  this  series  of  experiments  the  elevation  of  the  water  surface  was 
measui-ed  with  a  portable  hook-gaiTge  at  a  point  21J  ft.  up  stream 
from  the  weir,  and  at  two  jioints  164  and  304  ft.,  respectively,  below 
the  weir.  Six  readings  were  taken  at  each  of  these  points  before 
passing  to  the  next  point. 

Three  current  meters  were  used:  Small  Price  meters  Nos.  351  and 
363,  and  Haskell  meter  No.  3.  They  were  held  with  an  insulated  wire 
cable  and  12-lb.  sinker,  excejit  in  Exj^eriments  Nos.  5  and  7,  in  which 
the  Haskell  was  held  with  a  rod,  with  freedom  to  tip.  Two  meters  at 
a  time  were  used  in  the  same  discharge  section.  One  was  started  on 
the  south  side,  and  progressed  toward  the  north  side,  the  other  started 
on  the  north  side  and  moved  toward  the  south  side.  Thus  three 
simultaneous  discharge  measurements  were  obtained,  two  with  the 
meters  and  one  with  the  weir. 

Plate  XI  shows  Haskell  meter  No.  3  and  Small  Price  meter  No. 
363.  The  Haskell  meter  is  of  the  screw  or  propeller-wheel  type,  the 
four  helicoidal  blades  revolving  in  a  vertical  plane.  The  Small  Price 
meter  is  of  the  anemometer  type,  the  five  conical  cups  revolving  in  a 
horizontal  plane.  The  total  length  of  the  Haskell  meter  is  21  ins.  and 
of  the  Price  meter  14  ins.     The  former  is  made  by  Ritchie,  of  Boston, 

*  Transactioyis,  Am.  Soc.  C.  E.,  Vol.  xliv.'p.  285,  and  Engineering  News,  March  2d,  1899. 
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42.... 
43.... 
44.... 

"  12th. 
"  12th. 
"  12th. 

8.934 
8.297 
8.297 

1.543 
1.646 
1.700 

221.39 
221  39 

221 .53 

+0.07 
+0.81 
-2.40 

Haskell  No.  3. . 

4.67 

219  .50 

••  3 

221; 39 

22t;.'70 

Small  Price  No.  351.. 

3.21 

45 

•'  12th 

7.806 
7.806 

1  775 

221  49 

222  69 

+0.51 
—2.07 

Haskell  No.  3. . 

46.'..'. 

"  12th". 

11803 

221! 49 

22*3 .19 

Small  Price  No 

.'35i;; 

2.61 

47.... 
48.... 

"  12th. 
•'  12th. 

7.266 
7.266 

1.879 
1.943 

221.21 
221.21 

219.34 

-LO.8.5 

Haskell  No.  3.. 

226!81 

-2.5:3 

Small  Price  No 

.'35i; 

8.88 

49 

"  12th 

6  4.39 

1     2.132 

221  03 

22i).43 

—0  27 

Haskf^ll  No.  3. . 

50;;:: 

'•  mh! 

6;439 

2!  182 

221 ;03 

225.61 

-2.07 

Small  Price  No 

."ssi; 

1.80 

374  CURRENT  METER  AND    WEIR   DISCHARGES. 

Mass. ;  the  latter  is  made  br  W.  and  L.  E.  Gurley,  of  Troy,  N.  Y.,  and 
is  described  in  theii-  1900  catalogue. 

The  meters  were  oi^erated  by  the  ordinary  point  method.  They 
■were  held  at  from  5  to  8  points  in  the  8  verticals,  1,  3,  5,  7,  9,  11,  13 
and  15  ft.,  depending  on  the  depth  and  the  revolutions  of  the  meter 
wheel  counted  for  two  consecutive  periods  of  25  seconds  each  at  each 
point.  The  points  in  a  vertical  where  the  meter  was  held  are  indicated 
by  the  centers  of  the  little  circles  in  the  vertical  velocity  curves  of 
Fig.  1.  This  gave  from  40  to  50  observations  of  50  seconds  each,  or  one 
to  each  2.3  sq.  ft.  of  discharge  area,  for  each  discharge  measurement. 

The  field  force  consisted  of  five  men :  Two  meter  observers,  one 
meter  recorder,  one  hook-gauge  observer,  and  one  hook-gauge  re- 
corder. The  head  on  the  weir  was  obtained  by  subtracting  the  zero 
reading  of  the  hook  from  the  mean  hook  reading  during  the  experi- 
ment. The  weir  discharge  was  then  found  from  a  chart  j^repared  from 
Bazin's  formula  for  sharp-crested  weirs,  which  gives  the  discharge  in 
cubic  meters  for  head  in  centimeters. 

The  dejDth  at  the  meter  station  was  obtained  from  the  mean  surface 
and  bottom  elevations.  The  area  for  each  foot  of  depth  is  known  from 
previous  measurement. 

The  mean  velocity  was  obtained  from  the  vertical  velocity  curves. 
The  average  number  of  revolutions  j^er  second  in  the  8  verticals  at 
each  of  the  distances  above  the  bottom  was  computed  and  converted 
into  velocity  from  a  rating  table.  These  are  plotted,  using  the  veloc- 
ities as  abscissas,  and  the  distances  above  the  bottom  as  ordinates, 
and  a  smooth  vertical  velocity  curve  sketched  among  them.  These 
curves,  for  the  first  8  experiments,  are  shown  in  Fig.  1.  The  mean 
abscissa  of  each  curve  was  then  computed,  which  is  the  mean  velocity 
for  the  whole  cross-section.  The  discharge  is  the  product  of  the  cross- 
sectional  area  and  the  mean  velocity. 

The  water  surface  at  the  meter  station  was  quite  rough  for  the 
higher  velocities,  being  a  succession  of  waves,  without  eddies  or 
"boils,"  and  it  was  difficult  to  measure  its  position  accurately  with 
the  hook-gauge.  To  quiet  it,  somewhat,  2  x  12-in.  planks,  15  ft.  long, 
were  suspended  from  their  ends  across  the  canal  to  float  on  its  surface. 
In  Experiments  Nos.  9  to  22  two  of  these  were  used,  and  in  Experi- 
ments Nos.  23  to  50  three  were  used  66  ft.  above  the  meter  station. 
These  quieted  the  surface  somewhat,  but  distortedthe  vertical  velocity 
curves. 
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The  results  of  the  computations  of  these  50  discharge  measure- 
ments are  given  in  Table  No.  1.  The  headings  of  the  coltunnB  are 
self-explanatory.  It  is  to  be  noted  that  the  sign  before  the  numbers 
in  Column  7  is  the  sign  of  the  correction  to  be  applied  to  the  meter 
discharge  to  reduce  it  to  the  corresponding  weir  discharge.  Column  7 
shows  a  comparison  between  corresponding  meter  and  weir  discharges, 
and  Column  9  a  comparison  between  corresponding  meter  discharges. 
In  Experiments  Nos.  1  to  20  the  comparison  is  between  the  Small  Price 
meter  No.  363  and  the  Haskell  meter.  In  Experiments  Nos.  21  to  38 
the  comparison  is  between  the  two  Small  Price  meters,  and  in  Experi- 
ments Nos.  39  to  50  it  is  between  the  Small  Price  meter  No.  351  and  the 
Haskell  meter. 

It  is  seen  that,  in  general,  the  difference  between  any  two  corre- 
sponding meter  and  weir  discharges  is  greater  than  that  between  the 
corresponding  meter  discharges.  This  is  to  be  expected,  as  erroi-s  in 
the  calibration  of  the  weir,  in  the  velocity  observations,  in  the  rating  of 
the  meter,  and  in  measuring  the  head  and  depth,  afifect  the  former; 
while  only  errors  in  observing  velocity,  and  in  the  rating  table,  aflfect 
the  latter.  In  no  case  does  a  meter  discharge  differ  from  the  corre- 
sponding weir  discharge  by  5%,  and  in  no  case  is  the  difference  between 
corresponding  meter  discharges  5%  of  the  discharge. 

The  results  of  these  comparisons  have  been  put  in  the  condensed 
form  shown  in  Table  No.  2. 

TABLE   No.  2. — Condensed   Results  of  Compaklsos  of   Meter  and 
Weib  Discharge.     Series  E. 


Name  of  Meter. 

Percentage    of    Difference    Be- 
tween   Meter    and   Weir    Dis- 

CHARQE. 

Percentage    of    Dif- 
FERKNfE    Between 

SlMl'LTANEUl'S     METEB 
DiSCBABOES. 

o  - 

c 
25 

Max. 
Min. 

Mean.* 

-0.33 
-0.76 
-1.38 
—1.56 

-2.78 
+0.40 

Range. 

s 

.  1 
a      Mean. 

& 

1  to  20 
1  to  20 
21  to  38 
21  to  38 
39  to  50 
39  to  50 

Haskell  No.  3 

Small  Price  No.  363 

^.73     0.00 
—3.87  +0.01 

—1.73  to    +2.86 
—3.87  "    +1.27 
-1.89  "    -0.13 
-2.77   "    +0.23 
—4.60   ••    —2.07 
+0.85  "    -027 

1 

2.85  om]:<i-^\ 

2.51 

"   363—2.77+0.23 

1.68 

•^•'V  1+0.90  f 

1 

1.87 

Haskell  No.  3 

+0.85-0.27 

4.67 

i'l  ♦8.281* 

2.87 

♦Having  regard  to  the  sign. 
+  Without  regard  to  the  sign. 
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The  mean  "having  regard  to  the  sign  "  is  obtained  by  summing  the 
positive  and  negative  differences  and  dividing  the  differences  of  these 
sums  by  the  number  of  jjositive  and  negative  differences. 

PE-RCENTAGE  OF  DIFFERENCE  BETWEEN  METER  AND  WEIR  DISCHARGE. 
SMALL  PRICE  METER  NO    351. 
O   Experiments  Nos.  21,  23,  25,  27,  29,  31.  33,  35  &  37. 
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SMALL  PRICE  METER  NO.  363. 
O    Experiments  Xos.  22,  21,  25,  28,  30,  32.  34,  3G,  &  38 
#  "  "     2,  4,  6,  8,  10,  12,  14,  16,  18  &  20. 
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HASKELL  METER  NO.  3 
O   Expeilments  Nos.  1,  3,  5,  7,  9,  11, 13, 15,  17  &  19. 
#  "  "    39,  42,  45,  47  &  49. 
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Velocity,  in  Feet. 
Fig.  2. 
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There  appears  to  be  a  constant  error  in  the  Small  Price  meter  work 
of  Experiments  Nos.  39  to  50,  on  April  12th.  The  velocities  shown  by 
it  on  that  day  appear  to  be  about  2%  larger  than  they  should  be.  This 
could  hardly  be  due  to  a  reduction  of  friction  in  the  meter,  nor  could 
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it  be  due  to  error  in  the  time,  as  the  watch  used  was  keeping  good  time 
before  and  after  this  date,  and  the  apx^arent  error  extends  through  the 
whole  day's  work. 

Omitting  farther  consideration  of  Experiments  Nos.  38  to  50  in  this 
comparison,  for  the  reason  above  stated,  it  is  seen  that  the  mean  dif- 
ference between  the  meter  and  weir  discharge  is  0.33%"  for  the  Haskell, 
and  0.76%"  for  the  Small  Price  meter  in  Experiments  Nos.  1  to  20; 
and  1.38,"^  for  the  Small  Price  No.  351,  and  l.SB^"  for  the  Small  Price 
No.  363  in  Experiments  Nos.  21  to  .38.  The  mean  difference  between 
two  corresponding  meter  discharges  is  0.29%"  for  Experiments  Nos.  1 
to  20  and  0.18%"  for  Experiments  Nos.  21  to  38. 

Limiting  the  comjiarison  still  farther  to  the  two  Price  meters  only, 
in  Experiments  Nos.  21  to  38  it  is  seen  that  in  eighteen  consecutive 
discharge  measurements  of  this  canal  made  with  the  two  Price  meters, 
the  mean  velocity  ranging  from  1.5  to  3.0  ft.,  and  the  depth  from  4.8 
to  9.2  ft.,  the  greatest  difference  between  any  two  simultaneous  meter 
discharge  measurements  is  1.68^,  the  mean  difference  is  0.9^0,  and 
the  mean  difference  having  regard  to  sign  is  0.18  per  cent.  Is  it  not  a 
reasonable  conclusion  to  draw  from  these  tests  that  discharge  can  be 
measured  with  a  Small  Price  meter,  under  favorable  conditions,  with 
an  error  of  not  more  than  1  per  cent.  ? 

The  degree  of  accuracy  of  ordinary  river  discharge  measurements 
made  with  a  meter  is  necessarily  less  than  in  this  canal,  and  varies  with 
the  character  of  the  discharge  section.  A  good  discharge  section,  in 
which  the  bed  is  smooth,  permanent,  and  without  ob.structions,  which 
has  a  good  measurable  velocity  in  all  parts  of  it,  at  low  as  well  as  high 
stagas,  has  no  shallow  parts  at  low  stage,  and  is  far  enough  away  from 
river  bends,  mill  dams,  and  other  disturbing  causes  to  be  out  of  their 
influence,  is  difficult  to  find.  When  it  is  found  it  may  not  be  selected 
on  account  of  cost  of  maintenance. 

In  river  gauging  it  is  the  accurate  measurement  of  the  volume  flow- 
ing per  day  and  per  month  that  is  desired.  Single  discharge  measure- 
ment is  only  one  of  the  factors  on  which  this  depends.  Daily  flow  is 
found  from  a  discharge  curve  giving  the  relation  between  discharge 
and  river  stage,  and  on  the  daily  fluctuations  in  the  stage.  The  accu- 
racy of  the  discharge  curve  depends  on  the  accuracy  of  the  individual 
discharge  measurements,  the  permanence  of  the  river-bed,  the  posi- 
tion of    the  gauge,   and  the  accuracy  of  the  gauge  readings.     The 
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accuracy  of  river  stage  fluctuation  measurements  depends  on  the  kind 
of  instrument  used  for  this  purpose,  its  position,  and  the  frequency 
and  accuracy  of  the  observations. 

It  is  thus  see  a  that  the  accuracy  of  the  current  meter  discharge 
measurements  jilays  only  a  comi^aratively  small  jiart  in  the  accuracy 
of  measurement  of  stream  flow.  Is  it  fair,  then,  when  the  monthly 
flow  is  found  to  be  in  error,  to  blame  the  meter  for  it  and  say  it  is  "  no 
good"?  The  only  fair  test  of  the  accuracy  of  current  meter  work  is 
one  similar  to  that  made  in  this  canal.  When  it  is  seen  that  in  eight- 
een discharge  measurements  made  on  three  days,  by  two  persons  with 
two  of  these  meters,  with  a  considerable  range  of  depths  and  veloci- 
ties, the  greatest  difference  between  any  two  made  at  the  same  time  is 
less  than  1.1%,  and  the  mean  difference  is  less  than  \%,  the  great 
value  of  this  instrument  for  measuring  velocity  is  evident. 

In  carrying  on  this  investigation  the  writer  desires  to  acknowl- 
edge his  indebtedness  to  F.  H.  Newell,  M.  Am.  Soc.  C.  E., 
Chief  Hydrographer  of  the  U.  S.  Geological  Survey,  for  his  hearty  co- 
operation, and  his  permission  to  use  in  this  pajier  some  of  the  data 
obtained;  to  Professor  E.  A.  Fuertes,  M.  Am.  Soc.  C.  E.,  Director  and 
Dean  of  the  College  of  Civil  Engineering,  Cornell  University,  for  the 
use  of  the  Hydraulic  Laboratory,  chronograjjh,  comi^uting  machine, 
current  meter,  and  electric  register,  and  for  his  kindly  interest  in  the 
work;  to  Professor  Gardner  S.  Williams,  M.  Am.  Soc.  C.  E.,  in  charge 
of  the  Hydraulic  Laboratory,  for  many  valuable  suggestions,  and  for  the 
use  of  a  chart  for  converting  head  on  the  Cornell  University  standard 
weir  into  cubic  meters;  to  Mr.  C.  E.  Torrance,  Scholar  in  Civil  Engi- 
neering; to  the  members  of  the  Senior  Class  in  Civil  Engineering,  and 
to  Mr.  C.  D.  Cass,  Assistant  Mechanician  of  the  College,  for  cheerful 
assistance. 
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Charles  H.  Miller,  M.  Am.  Soc.  C.  E.  (by  letter).— It  was  with  Mr.  Miller, 
much  interest  that  the  writer  read  this  paper,  and  it  is  to  be  hoped 
that  it  will  have  the  effect  desired  by  the  author,  namely,  to  bring  out 
the  reasons  why  current  meters  are  believed  to  be  unreliable.  The 
writer,  after  a  wide  experience,  firmly  believes  that,  under  the  condi- 
tions usually  existing  in  river-discharge  work,  and  with  the  proper 
amount  of  care,  results  are  obtained  that  are  within  5%  of  the  true 
values.  After  fruitless  efforts  to  account  for  sudden  changes  or 
apjjarent  errors  in  the  workings  of  current  meters  from  day  to  day, 
it  is  gratifying  to  note  that,  under  the  favorable  conditions  stated  in 
the  paper,  "there  apjjears  to  be  a  constant  error  in  the  Small  Price 
meter  work  *  *  *  on  April  12th."  This  difference,  without  a 
doubt,  is  due  to  some  change  in  the  meter  itself,  and  not  to  any  error 
in  the  work  of  observing;  and  is  something  that  may  be  expected  at 
any  time.  Had  a  rating  of  this  meter  been  made  on  that  day,  the 
change  might  have  been  indicated;  but  it  is  quite  likely  that  it  would 
not  have  shown  a  sufficient  difference  from  previous  ratings  to  account 
for  all  of  the  change,  thus  leaving  the  same  unexplained.  Very  often,  a 
meter  will  work  this  way  for  several  days  or  even  a  week,  and  then 
suddenly  droj)  back  to  its  old  standard. 

The  writer  had  charge  of  some  experimental  work  on  the  Missis- 
sippi River  at  New  Madrid,  Mo.,  about  a  year  ago,  having  two  Price 
meters  and  one  Haskell  meter.  These  were  rated  and  worked  in  pairs 
at  all  times,  thus  presenting  a  good  opportunity  for  comparisons. 
Having  left  the  service  before  fully  completing  the  reductions,  and 
not  having  any  of  the  reports  or  figures  on  hand  (the  same  not  having 
been  published  as  yet),  this  discussion  will  be  but  general  in  charac- 
ter. The  final  figures  in  several  instances  will  show  slightly  greater 
differences  in  discharge  than  5^,^,  but  it  is  believed  that  this  is  maiuly 
due  to  the  fact  that  the  observations  were  taken  from  a  skiff,  which,  it 
was  afterward  found,  was  not  of  suflBcient  stability  to  insure  results 
from  which  an  accurate  comparison  could  be  made,  many  of  the 
observations  having  been  taken  during  windy  weather.  To  tind 
what  effect  the  movement  of  the  skiff  would  i)ro(luce,  it  was  securely 
anchored,  during  calm  weather,  in  a  current  running  between  2  and 
3  ft.  per  second.  The  Haskell  meter  was  lowered  from  one  side  of 
the  skiff  and  one  of  the  Price  meters  from  the  other  side,  both  to  the 
same  depth  (about  5  ft.).  The  registrations  or  revolutions  of  each, 
for  periods  of  from  5  to  10  minutes,  were  noted;  then,  for  similar 
periods  of  time,  the  skiff"  was  caused  to  rock  from  one  side  to  the 
other  at  short  intervals,  and  the  registrations  recorded,  the  movement 
of  the  skiff  giving  to  the  meters  a  vertical  motion  of  from  1  to  2  ft. 
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Mr.  Miller.  Under  this  motion  the  revolutions  of  the  Price  meter  increased,  while 
those  of  the  Haskell  meter  decreased,  but  in  a  less  proportion  than 
the  increase  of  the  Price  meter,  showing  that  the  error  due  to  insta- 
bility of  support  is  greater  in  the  Price  than  in  the  Haskell  meter. 
Lack  of  time  prevented  more  extended  observations,  and  in  differ- 
ent velocities  of  current,  which  probably  would  have  evolved  some 
fixed  diff'erence  due  to  the  diff"erent  construction  of  the  meters  in  ques- 
tion. 

During  the  observations  mentioned,  all  jjossible  care  was  exercised 
to  eliminate  errors,  as  far  as  the  comparison  between  the  meters  was 
concerned.  By  means  of  an  automatic  register  for  the  Haskell  meter, 
an  ordinary  relay  (the  ticks  of  which  were  counted)  for  the  Price 
meter,  and  a  stop  watch,  it  was  possible  for  one  observer  to  do  the 
work,  and  this  was  adhered  to  at  all  times. 

It  was  while  making  these  observations  that  the  writer  noted  the 
diff'erence  in  the  workings  of  the  meters,  and  esijecially  of  the  two 
Price  meters  when  side  by  side,  for  it  could  then  be  noted  at  once. 
They  would  often  vary  as  much  as  3%  without  any  apparent  cause 
whatever.  Frequent  ratings  were  made  with  great  care,  but  without 
discovering  the  cause  for  such  changes. 

With  regard  to  the  unaccountable  differences  in  discharge  between 
different  stations  on  the  same  river,  having  different  observers,  the 
writer  believes  that  it  is  partly  due  to  the  different  methods  in  rating 
the  current  meters,  or  to  the  lack  of  care  in  conforming  to  a  uniform 
method.  Along  the  Mississippi  Elver  it  is  often  difficult  to  obtain  a 
proper  base  for  rating  a  meter,  and  at  times  it  is  done  in  water  of 
insufficient  depth,  causing  the  meter  to  be  affected  by  the  "drag. "  Full 
and  careful  rules  for  all  ratings  should  be  formulated  and  strictly 
adhered  to. 

Another  jjoint  which  has  often  been  noted,  and  which  is  again 
brought  out  by  the  experiments  mentioned  in  the  paper,  is  that  dis- 
charges by  current  meter  will  generally  average  a  little  more  than 
those  obtained  by  other  methods. 

"A  good  discharge  section"  cannot  be  found  on  the  Mississippi 
River,  for  the  conditions  at  any  section  that  may  be  selected  will 
vary  very  much  for  different  stages  of  the  river;  and  this  factor, 
more  than  any  other,  causes  the  differences  in  discharges  between 
different  stations.  They  are  not  due  to  the  meters  being  "no 
good." 

Mr.  HeriDg.  RfDOLPH  Hekixg,  M.  Am.  Soc.  C.  E.— It  is  a  little  surprising  to  the 
speaker  that,  as  a  general  j^roposition,  there  should  have  been  serious 
doubt  expressed  regarding  the  efficiency  of  the  current  meter.  This 
instrument,  in  its  simi>lest  form,  was  invented  one  hundred  years  ago, 
by  W  oltman,  a  hydraulic  engineer,  in  Hamburg.  It  has  been  used 
continually  ever  since,  and  has  been  gradually  improved  so  as  to  be- 
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come  more  and  more  convenient  in  handling  and  in  reading  the  results.  Mr.  Hering. 
No  other  instrument  has  been  used  as  much  in  determining  directly 
the  velocity  of  streams. 

Like  all  measuring  instruments,  it  has  its  limitations  as  to  degree 
of  accuracy  and  range  of  applicability.  Its  value,  therefore,  should 
be  sought  only  within  such  limitations,  which  are,  for  instance,  in  a 
water  free  from  susj^ended  or  floating  matter,  as  the  latter  may  inter- 
fere with  .the  movement  of  the  wheel  or  of  its  axle,  or  which  may 
change  its  rating.  The  accuracy  of  this  meter,  therefore,  is  naturally 
reduced  when  gauging  sewage  or  water  carrying  much  fibrous  matter; 
yet,  under  such  conditions,  the  accuracy  of  weir  measurements 
must  also  be  discounted,  to  a  certain  extent.  Further,  when  a 
stream  is  shallow,  so  that  the  wheel  is  not  entirely  submerged,  or 
when  it  is  influenced  by  local  currents,  produced  by  an  irregular  bed, 
the  accuracy  of  the  wheel  suffers,  and  better  methods  of  gauging  are 
preferred.  Also,  when  the  velocity  of  the  water  is  very  slight,  a 
current  meter  is  not  the  ijroj^er  instrument  to  use,  because  the  force 
impelling  the  wheel,  due  to  the  velocity  of  the  passing  water,  does  not 
diff'er  much  from  that  which  is  necessary  to  overcome  the  frictioual 
resistance  of  the  ai^paratus.  This  force,  therefore,  is  less  distinguish- 
able, and  the  velocity  less  capable  of  accurate  measurement,  by  the 
revolutions  of  the  wheel. 

For  very  shallow  streams  and  for  those  in  which  the  velocity  is  very 
slight,  that  is,  not  more  than  about  6  ins.  per  second,  and  where  the 
water  carries  much  suspended  matter,  the  current  meter  should  not 
be  used.  Under  these  conditions,  a  weir  measurement  would,  unques- 
tionably, give  more  reliable  and  more  accurate  results.  E'or  deeper 
and  larger  streams,  and  where  the  current  is  swift,  a  meter  will  give  a 
high  degree  of  accuracy,  and  the  expense  of  measuring  water  by  its 
aid  is  usually  much  less  than  by  building  a  weir.  Where  existing 
dams  are  used,  it  is  also  questionable  whether  current  meters  will  not, 
under  some  conditions,  give  moi-e  accurate  results. 

It  might  be  added  that  weir  measurement  is  a  more  recent  practice 
than  the  use  of  the  cnn-ent  meter.  Not  until  the  late  James  B.  Francis, 
Past-President,  Am.  Soc.  C.  E.,  established  suitable  coefficients,  at 
Lowell,  nearly  fifty  years  ago,  could  a  weir  formula  be  used  under  proper 
conditions  for  cases  demanding  a  liigh  degree  of  accuracy.  Since  then, 
there  have  been  developed  still  other  accurate  methods  of  measuring 
the  quantity  of  flowing  water,  particularly  in  pipes,  each  method  having 
its  special  sphere,  within  which  it  has  advantages  over  the  others. 

MoERisR.  Shekkekd,  M.  Am.  Soc.  C.  E.— Within  the  limits  men-  Mr.  sherreiil. 
tioned  by  the  author,  viz.,  5%,  the  speaker  has  had  quite  implicit 
faith   in   the   accuracy  of  current  meters  when  carefully   used.     No 
doubt,  the  reason  why  Aveir  measurement  is  so  much  oftener  adopted 
is  because  of  the  ease  with  which  a  river  can  be  measured  at  different 
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Mr.  siierreni.  stages  by  its  use.  Obviously,  if  the  current  meter  is  used  (as  is  often 
done  to  advantage  where  no  dam  exists),  it  is  necessary  to  make  con- 
stant observations,  which  take  much  time  and  great  care  in  order  to 
get  anything  like  the  accuracy  obtained  from  weir  measurements  made 
ou  a  dam  having  a  fairly  level  crest;  and,  as  the  form  of  the  cross-sec- 
tion of  anv  stream  changes  with  the  rise  and  fall  of  the  water  surface, 
numerous  additional  observations  would  be  necessary  to  obtain  the 
tiow  bv  the  use  of  a  current  meter,  while  only  one  reading  for  each 
change  would  be  required  on  a  dam  or  weir. 

In  the  velocities  recorded  in  Nos.  7  and  8,  in  Fig.  1,  a  peculiar 
result  seems  to  have  been  obtained  with  two  meters  when  used  near  the 
surface  of  the  water.  It  will  be  noticed  that  the  two  velocity  curves 
cross  each  other  at  a  point  less  than  1  ft.  from  the  surface;  that  is, 
according  to  the  diagram,  the  Haskell  meter  gives  a  much  higher  veloc- 
ity near  the  surface,  Avhile  the  Price  meter  seems  to  give  a  much  lower 
one.  Possibly  the  construction  of  the  meters  accounts  for  this  varia- 
tion. The  upper  portion  of  the  vanes  of  the  Haskell  meter  may  have 
been  just  above  the  surface  of  the  water,  while  the  other  meter,  revolv- 
ing in  a  horizontal  plane,  could  be  kept  entirely  submerged,  the  axis  of 
each  meter  being  at  the  same  elevation. 

The  author  says : 

"  The  mean  abscissa  of  each  curve  was  then  computed,  which  is  the 
mean  velocity  for  the  whole  cross-section.  The  discharge  is  the  product 
of  the  cross-sectional  area  and  the  mean  velocity." 

It  would  seem  to  be  necessary  to  divide  the  cross-section  into  hori- 
zontal layers  and  take  a  mean  velocity  for  each  horizontal  layer  to  get 
the  quantity.  Perhaps  that  is  what  the  author  means,  using  horizontal 
lavers  of  uniform  thickness.  These  horizontal  layers,  however,  should 
be  quite  niimerous  in  order  to  insure  accurate  results. 
Mr.  LeConte.  L.  J.  Le  Conte,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  is  an 
admirer  of  the  accuracy  of  current-meter  work,  within  proper  limits. 
This  admiration  is  based  on  20  years  of  observation  and  experience 
with  these  instruments,  under  all  kinds  and  conditions  of  river  and 
tidal-current  work.  Long  experience  has  naturally  brought  out  the 
strong  and  weak  points,  as  adapted  to  every-day  jjractice.  It  i» 
proper  to  state  that  the  writer's  experience  has  been  largely  con- 
fined to  the  proj)eller  types  of  meters,  with  two  and  four  blades. 

The  good  results  shown  by  the  author's  experiments  prove  con- 
clusively the  value  of  meter  work,  as  he  says,  "  under  favorable  con- 
ditions," all  of  which  is  perfectly  true;  but,  exactly  at  this  point,  the 
engineer's  troubles  begin  to  develop.  A  very  large  percentage  of  all 
the  river  gauging  he  has  to  make  is  not  under  favorable  conditions. 
During  low  stages  of  the  river  the  flow  is  quiet,  the  stream  lines  are 
practically  parallel  and  are  at  right  angles  to  the  cross-section,  the 
meter  work  is  generally  good  and  the  results  inspire  complete  confi- 
dence.    Unfortunately,  when  the  flood  waters  begin  to  come  down» 
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the  whole  character  of  the  stream  flow  changes;  so  much  so,  that  the  Mr.  LeConte. 
general  down-stream  velocity,  which  is  desired,  is  indescribably 
mixed  up  with  other  turbulent  velocities,  which  are,  of  course, 
entirely  indei)endent  and  of  no  jjarticular  interest  or  value  for  gaug- 
ing purjioses.  The  meter,  by  nature,  cannot  discriminate,  and,  conse- 
quently, makes  a  record  which  may  be  called  a  heterogeneous  mixture 
of  all  the  velocities  coming  to  it,  no  matter  what  their  direction  may 
be  with  reference  to  the  cross-section.  Inasmuch  as  the  engineer 
wants  absolutely  nothing  l)ut  the  down-stream  velocity  at  right  angles 
to  the  cross-section,  the  question  arises:  "How  can  he  get  it  from 
such  a  meter  record?  "  This  important  question  has  been  ou  the  tapis 
for  some  time  past,  and,  apparently,  is  destined  to  stay  a  while 
longer. 

The  writer  has  given  much  time  and  thought  to  trying  to  devise 
some  simple  method  of  determining,  api^roximately,  the  changes  in 
the  coefficient  due  to  different  degrees  of  tiirbulence,  or  "boiUng" 
action,  of  the  flowing  waters.  Some  standard  of  comparison  had  to  be 
adojited,  and  the  loaded-pole  float  was  selected  as  the  best  device 
for  turbulent  stream  flow.  By  simultaneous  observations  with  meters 
and  pole-floats  there  can  be  obtained  a  series  of  modified  coeflBcients, 
which  are  adapted  to  any  particular  site  for  all  stages  of  river  dis- 
charge. The  results  thus  oV:)tained  are  not  altogether  satisfactory, 
but,  nevertheless,  are  decidedly  better  and  more  rational  than  those 
obtained  by  the  general  use  of  the  standard  coeflBcients  based  on  small- 
scale  experiments  or  canal  cun'ents. 

If  the  engineer  is  to  be  confined  to  the  use  of  the  canal  coeflBcients, 
then  it  is  evident  that  the  current  meter  will  be  very  limited  in  its 
adaptability. 

J.  B.  LiPPiNCOTT,  M.  Am.  Soc.  C.  E.  (by  letter).  — Having  had  Mr.iLippincott. 
occasion  during  the  past  four  years  to  use  current  meters  of  various 
types,  the  writer  has  made  an  effoi-t  to  test  their  accuracy  when- 
ever practicable,  in  order  to  determine  whether  their  rating  had 
changed,  and  to  form  some  general  idea  as  to  the  amount  of  depend- 
ence that  can  be  placed  upon  them.  Numerous  tests  have  been  made 
by  others  with  current  meters  under  conditions  that  were  ideal,  or 
nearly  so,  to  determine  their  accuracy,  but,  in  the  ordinary  practice 
of  an  engineer,  the  conditions  encountered  are  frecjuently  far  from 
perfect. 

The  following  tests  were  made  under  such  conditions  as  were 
encountered  at  various  places  in  California.  All  tests  are  given,  except 
one,  on  which  occasion  known  errors  existed. 

Where  the  meter  is  compared  with  a  weir,  and  shows  a  diflference 
from  the  volume  determined  by  the  weir  computation,  it  does  not  at 
all  necessarily  follow  that  the  weir  is  correct  and  the  meter  wrong. 
Under   perfect  conditions,  the  weir  measurement   is   believed  to   be 
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Mr.  Lippincott.  better  tlian  the  meter  measurement,  but  it  has  been  the  writer's 
experience  that  there  are  relatively  few  perfect  weirs  in  the  South- 
west. Usually,  where  a  weir  is  located  in  a  canal  or  river,  the  bay 
rapidly  silts  up,  and  the  inner  depth  below  the  lip  becomes  insuffi- 
cient. A  high  velocity  of  ajjproach  in  the  water  results  therefrom, 
and  has  to  be  taken  into  consideration  in  the  computations.  In  the 
writer's  judgment,  when  this  velocity  of  ajjproach  exceeds  1  ft.  per 
second,  the  theoretical  head  corresjjonding  thereto,  which  has  to  be 
added  to  the  measured  head,  as  used  in  the  Francis  formula,  gives  a 
result  below  the  truth.  When  this  velocity  reaches  2  ft.  per  second, 
the  eiTor  is  serious,  frequently  exceeding  10  per  cent.  It  has  been 
observed  that  the  meter  measurements  nearly  always  show  slightly 
more  water  than  the  weir  measurements,  particularly  where  small 
volumes  are  measured.  It  is  believed  that  this  is  because  the  slowest 
film  of  water  around  the  perimeter  of  a  channel  cannot  be  measured  by 
meter.  It  is  believed  that  for  small  volumes  of  water  the  smaller 
meter  gives  a  more  accurate  result  than  the  large  meter,  as  it  more 
nearly  can  be  placed  in  this  slowest  portion  of  flow. 

Generally  speaking,  where  the  meters  check  each  other,  under 
favorable  conditions,  or  check  good  weir  measurements,  within  5%, 
the  work  has  been  considered  sufficiently  accurate.  Where  the  error 
exceeds  5%  the  meter  has  been  re-rated.  It  is  believed  that,  ordi- 
narily, the  meter  measurements  will  check  good  weir  measurements 
within  3%,  and  that  the  meters  hold  their  rating  for  several  years 
without  change,  provided  they  are  handled  carefully  and  oiled. 

It  is  quite  customary,  in  measuring  a  stream,  to  raise  and  lower 
the  meter  through  the  section  measured.  With  meters  of  the  Haskell 
make,  with  propeller-shaped  blades,  this  can  j^roperly  be  done,  and  is 
the  better  method;  but,  with  meters  having  conical-shaped  cups,  the 
vertical  movement  given  to  them  by  this  process  accelerates  the  revo- 
hition,  and  gives  erroneous  results.  This  can  easily  be  demonstrated 
by  raising  and  lowering  a  meter  of  this  class  in  still  water. 

1. — January  10th,  1897.     Azusa-Duarte  Division  Box, 
on  San  Gabriel  Eiver,  California. 

Large  Price  Electric  Meter  No.  67 19.93  second-feet. 

Weir;  Francis   formula;   velocity  of  ajjproach,  1.6 

ft.  per  second   19.97        "         " 

Weir;  Bazin  formula 21.50        "         " 

The  meter  measurement  was  made  in  the  weir  bay,  which  is  a 
rectangular  flume.  The  floor  of  the  bay  was  covered  with  sand.  The 
depth  of  water  was  about  2  ft.,  and  velocity  observations  were  taken 
at  mid-depth  only,  so  that  the  meter  measurement  probably  shows 
slightly  too  much  water. 

At  the  weirs,  the  depth  below  the  lip  to  the  sand  was  0.5  ft.  The 
head  on  the  weirs  was  0.75  ft.,  the  velocity  of  approach  being  1.6  ft. 
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per  second.     The  Francis  formula  was  corrected  for  this.     The  side  Mr.  Lippinoott. 
contractions  of  the  weirs  were  poor,  but  were  allowed  for. 

2. — June  9th,  1896.     Kern  Kiver,  California,  at  First  Point  of 
Measurement. 
Large  Haskell  Meter;  A.  K.  Warren,      observer. . .     3  221  second-feet. 
F.  McCray,  "       ...     3  280        "         " 

"      Price  "        J.  B.  Lippincott,       •'      ...     3  004       "         " 

The  river  at  this  point  is  345  ft.  broad,  with  a  shifting  sandy  bed. 
Measurements  were  made  synchronously  from  a  foot-bridge,  each 
observer  having  previously  rated  his  own  meter.  The  first  two  obser- 
vations were  made  by  raising  and  lowering  the  meters,  and  the  third 
by  taking  the  top,  middle  and  bottom  velocities.  The  Price  meters 
cannot  be  raised  and  lowered  without  accelerating  their  revolutions. 

3.  — February  10th,  1897.     Caloway  Canal,  on  Kern  River. 

Large  Haskell  Meter;  A.  K.  Warren,  observer 317.4  second-feet. 

"      Price  "        J.  B.  Lippincott,       "     ....     314.0 

Bottom  of  channel  sandy,  but  not  shifting.  Same  methods  used 
as  in  No.  2.     This  is  a  better  gauging  station  than  No.  2. 

4.— May  24th,  1897.     Vineland  Tunnel,  at  San  Gabriel  River, 
California. 

Large  Price  Electric  Meter  No.  67 1.88  second-feet. 

Weir;  Francis  formula;  velocity   of  approach,  0.8 

ft.  per  second l-^O 

Meter  measurement  in  rectangular  flume  above  weir.     Weir  good. 

5. —November  19th,  1896.    Weir  of  West  Los  Angeles  Water  Company, 
near  Los  Angeles,  California. 

Large  Price  Electric  Meter  No.  67 7.29  second-feet. 

Small     "  "  "       "     12 7.60       "         - 

Weir;  Francis  formula;  velocity  =  1ft.  per  second.  7.47       " 

"      Bazin  formula 7.38 

Meter  measurement  in  flume  above  weir. 

6.— Buena  Vista  Reservoir,  Los  Angeles,  California.  Test  of  Large 
Price  Electric  Meter  No.  67. 
A  canal  in  earth  discharges  into  a  small  rectangular  concrete 
reservoir  with  vertical  sides  at  this  point.  The  discharge  of  the  canal 
was  determined  carefully  by  volumetric  measurements,  and  the  meter 
measurements  were  compared  therewith.  The  volume  was  about  10 
cu.  ft.  per  second. 
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Mr. Lippincott.  May  2lst,  1897.     Test,  raising  and  lowering  meter.     4.44%  excess. 
•'    2l8t,     "        Top,     mid-depth      and     bottom 

velocities 2.01%        " 

"    26th,    "        Test,  raising  and  lowering  meter .     3.11%        " 
"     26th,    "         Top,      mid-depth     and      bottom 

velocities 4.05%  deficiency. 

In  the  test  of  raising  and  lowering  the  meter,  the  rate  of  movement 
was  J  ft.  per  second.  It  was  believed  that  this  would  give  results  in 
excess  of  the  true  flow.  The  section  of  the  canal  was  free  from  weeds 
and  large  stones,  but  it  was  an  earthen  canal. 

7. — June  6th,  1899.     Measurements  at  weir  "/,"  on  Los  Angeles 
River,  California. 

Small  Price  Acoustic  Meter 18.56  second-feet. 

Weir;  Francis  formula 18.64       "         " 

The  weir  was  a  good  one,  with  the  depth  below  the  lip  more  than 
twice  the  head  on  the  weir,  and  with  a  velocity  of  approach  of  less 
than  ^  ft.  per  second.  About  100  ft.  below  the  weir  the  river  was  run 
through  a  rectangular  wooden  measuring  flume,  where  the  meter 
measurements  were  made. 

May  18th,  1900.     Measurements  at  the  same  place  as  No.  7. 

Meter 16.92  second-feet. 

Weir 16.75       " 

June  6th,  1900.     Measurements  at  the  same  place  as  No.  7. 

Meter 15. 60  second-feet. 

Weir 15.88 

8. — August,   1899.       Meter     measurements    at     the    above-described 
measuring  box  compared  with  said  weir. 

Large  Price  Electric  Meter  No.  99 2%  excess. 

"  "  "  "         "74 6%       " 

Small      "  "  "         "137 2%      " 

9.— April  2l8t,  1897.     Verde  River,  at  Fort  McDowell,  Arizona. 

Large  Price  Electric  Meter  No.  67 1  336  second-feet. 

"  "  "  "         "69 1328       "         " 

Channel  broad  and  sandy. 

10. — January  24th,  1898.     Los  Angeles  River,  at  Bridge  1. 

Large  Price  Electric  Meter 31.64  second-feet. 

Weir 31.41       "         " 

Meter  measurement  made  in  rectangular  measuring  flume.  Weir 
fairly  good. 
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11.— January  24th,  1898.     Los  Angeles  River,  at  Bridge  2.  Mr.  Lipplncott. 

Large  Price  Electric  Meter 55.45  second-feet. 

Weir 55.92       "         " 

Same  conditions  as  No.  10. 

E.  E.  Haskell,  M.  Am.  Soc.  C.  E.  (by  letter).— The  author  has  Mr.  HaakelL 
made  the  writer  somewhat  of  an  interested  party  to  his  pajjer,  and, 
while  he  is  greatly  interested  in  the  results  exhibited,  and  in  the  sub- 
ject in  general,  he  does  not  feel  like  taking  all  the  credit  for  the  meter 
on  Plate  XI  that  bears  his  name.  The  only  part  of  it  that  he  can 
recognize  as  his  own  design,  or  that  ever  came  from  the  shops  of 
Messrs.  E.  S.  Ritchie  and  Sons,  of  Brookline,  Mass.,  the  makers  of  his 
current  meters,  is  the  wheel.  The  remainder  of  it  is  of  poor  design, 
and,  certainly,  is  not  attractive  in  appearance. 

The  first  requisite  of  a  good  current  meter  is  that  it  shall  oflfer  the 
minimum  of  resistance  to  the  free  flow  of  water;  secondly,  it  must 
liave  strong  directive  properties;  that  is,  a  rudder  large  enough  to 
make  the  wheel  head  instantly  to  a  change  of  direction  of  current. 

A  close  examination  of  Plate  XI  will  show  that  the  meter  has 
been  given,  for  a  sinker,  a  lead  or  iron  weight,  the  longest  axis  of  which 
is  forward  of  the  line  of  support  of  the  meter,  where  it  acts  in  direct 
opposition  to  the  rudder  of  the  meter  wheel.  Again,  this  sinker  has 
been  placed  within  about  2  ins.  of  the  wheel,  where  it  will  cause  a  dis- 
turbance of  the  water  in  close  proximity  to  it.  This  sinker  has  been 
given  no  rudder,  a  feature  which  stands  in  striking  contrast  with  the 
Price  current  meter  (also  on  Plate  XI],  and  also  in  striking  contrast 
with  the  writer's  meters,  as  shown  in  the  authorized  iUustrations.  The 
standard  and  the  manner  of  making  the  suj^porting  and  electric  con- 
nections are  clumsy  in  appearance  and  clumsy  in  fact.  The  author, 
in  presenting  this  meter  in  this  connection,  undoubtedly  overlooked 
the  fact  that  it  had  been  remodeled.  Had  more  careful  attention 
l)een  paid  to  details  of  construction  in  this  remodeling,  a  better  meter 
would  have  been  the  result. 

The  results  of  the  author's  comparisons  of  current-meter  and  wire 
discharges  are  of  special  interest  from  the  point  of  furnishing  a  direct 
test  of  the  accuracy  of  work  done  with  current  meters.  In  the 
majority  of  cases  it  is  an  expensive  operation  to  apply  a  rigid  test  to 
work  of  this  character,  and,  in  consequence,  one  is  seldom  if  ever 
made.  It  is  the  writer's  firm  conviction  that,  if  more  tests  could  be 
applied,  the  results  would  be  to  the  credit  of  the  meter;  but  the  latter 
statement  should  be  qualified  by  saying  that  the  meter  must  be  of 
good  design,  well  made,  well  rated,  well  cared  for,  and  used  by  a 
careful,  painstaking  observer. 

If  one  wishes  to  make  a  careful  study  of  the  form  of  the  discharge 
curve  of  a  river,  regardless  of  its  size,  the  current  meter  offers  the 
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Mr.  Haskell,  cheapest  and,  in  the  writer's  opinion,  the  most  satisfactory  means  for 
obtaining  the  data. 

The  writer  has  but  little  confidence  in  cup-wheel  meters  for  general 
river  gauging,  except  when  used,  as  in  the  present  case,  from  a  firm 
support.     It  was  his  loss  of  confidence  in  them  that  led  him  to  take  a. 
hand  in  the  design  and  construction  of  one  of  the  propeller-wheel 
type.     Charles  H.  Miller,  M.  Am.  Soc.  C.  E.,  in  his  discussion  of  this, 
paper,  points  out  their  defect,  and,  to  the  writer,  it  is  a  matter  of. 
regret  that  Mr.  Miller  was  not  in  a  position  to  give  the  results  of  his 
experiments.     The  present  forms  of  cup-wheel  meters  over-register  if 
used  from  an  unstable  support,  such  as  a  boat.     When  tipped  to  su 
comparatively  small  angle  with  the  direction  of  the  current,  they  give 
a  marked  increase  in  the  number  of  revolutions  of  their  wheels  for  the 
same  velocity  of  the  water.     The  cause  for  this  increase  is  not  hard  to- 
find.     The  tilting  of  the  meter  changes  the  area  and  the  form  of  the 
wheel  which  is  presented  to  the  current  pressure,  and,  in  consequence,, 
its  normal  rating  equation  no  longer  applies.    Mr.  Miller  states  that  the 
registrations  of  the  Haskell  meter  decreased  when  used  from  the  rock- 
ing boat,  but  in  a  less  proportion  than  those  of  the  Price  meter.     Pro- 
peller-wheel meters  under-register  when  tilted,  but  in  a  very  much  les» 
proportion  than  cup-wheel  meters,  for  the  same  angle  of  tilt.    Anyone 
who  wishes  can  readily  satisfy  himself  in  regard  to  this  point  by  rating 
simultaneously  these  two  forms  of  meters.     Attach  each  to  separate 
vertical  rods,  far  enough  apart,  so  that  they  can  in  no  way  iQterfere 
with  each  other;  rate  them  when  left  free  to  obey  the  action  of  their 
own  rudders,  and  note  the  results.     Next  fasten  each  meter  so  that  it» 
longitudinal  axis  makes  an  angle  of  5°  with  the  horizontal — otherwise 
perfectly  free — rate  them,  and  note  the  results.     Fasten  them  at  angles 
of  10°,  15°,  20°  and  25°,  rating  them  at  each  position,  and  note  the 
results.     The  writer  is  confident  that  this  method  will  give  all  the  data 
required  for  a  thorough  consideration  of  the  subject. 

The  accuracy  with  which  the  discharge  of  a  stream  can  be  measured 
with  current  meters  is,  in  the  writer's  opinion,  dependent  upon  the 
size  and  character  of  the  stream  and  the  completeness  of  the  programme 
of  work.  The  author's  results  show  the  precision  attained  in  his 
comparisons,  with  his  programme,  which  was  a  comparatively  simple 
one.  A  little  more  attention  i^aid  to  a  better  determination  of  the 
velocity  curves  should  readily  reduce  the  residuals,  for  the  measure- 
ment of  the  flow  of  so  small  a  canal,  to  less  than  ^  of  1  per  cent.  The 
Niagara  River,  and  similar  streams  of  comparatively  permanent  regi- 
men, can  be  measured,  with  residuals  not  exceeding  2%  of  their  flow. 
The  discharge  of  the  Lower  Mississippi  River,  with  its  ever-changing 
conditions,  can  be  measured,  with  residuals  not  exceeding  5^o  of  its  flow. 
Mr.  Murphy.  Edwakd  C.  Murphy,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter).— The 
■writer  is  pleased  to  learn  that  those  who  have  used  the  current  meter 
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for  years  believe  that  "under  the  conditions  usually  existing  in  river-  Mr.  Murphy, 
discharge  work,    and  with  the  proper  amount   of  care,    results  are 
obtained  that  are  within  o%  of  the  true  values." 

Among  "favorable  conditions"  the  writer  would  not  include  the 
shallow  depths  and  low  velocities,  mentioned  by  Mr.  Hering,  or  flood 
discharge,  referred  to  by  xMr.  Le  Conte.  The  writer's  current-meter 
and  weir-discharge  comparisons  for  low  velocities*  show  clearly  that, 
for  velocities  of  less  than  1  to  f  ft.  per  second,  the  meter  discharge  is 
less  than  the  corresponding  weir  discharge,  and  this  difference 
increases  rapidly  as  the  velocity  decreases. 

He  is  well  aware  of  the  fact  that  on  some  streams  it  is  diflBcult  to 
find  a  good  discharge  section,  and  also  that  a  section  may  be  a  good 
one  for  some  river  stages,  and  a  very  poor  one  for  others.  Ordi- 
narily, it  is  the  extreme  stages  that  give  trouble;  fortunately,  these  do 
not  often  occur.  It  frequently  happens  that  two  sections  not  very  far 
apart  can  be  used  to  advantage,  one  being  favorable  for  discharge 
measurements  at  low  river  stages,  the  other  for  higher  stages. 

He  has  no  means  of  knowing  whether  what  he  has  called  an  error, 
in  the  Small  Price  meter  work  of  April  12th,  was  due  to  a  change  in  the 
rating  of  the  meter  on  that  day,  as  suggested  by  Mr.  Miller,,  or  to  some 
other  cause.  If  it  was  due  to  a  change  of  rating,  it  serves  to  empha- 
size the  fact  that  frequent  ratings  are  necessary  when  a  high  degree  of 
accuracy  in  current-meter  work  is  desired. 

Mr.  Sherrerd  has  called  attention  to  the  fact,  noticed  by  the  writer 
about  a  year  ago  while  using  two  kinds  of  meters  at  a  time,  that  the 
Small  Price  meter  indicated  a  velocity  less  than  the  true  velocity 
when  held  near  the  surface  of  the  water.  The  writer  has  measured 
the  velocity  near  the  surface  simultaneously  with  the  Small  Price 
meter,  the  Haskell  meter,  surface-floats,  and  loaded  6-in.  cubical 
floats.  These  experiments  show  clearly  that  when  the  Small  Price 
meter  is  held  with  its  center  within  1  ft.  of  the  surface,  and  the 
moving  head  wholly  submerged,  the  velocity  shown  by  it  is  less  than 
the  true  velocity.  The  error  is  about  the  same,  whether  the  meter  is 
held  with  a  cable  and  is  free  to  tip,  or  is  held  rigidly  with  a  rod. 

Mr.  Sherrerd  inquires  as  to  the  necessity  for  dividing  the  cross- 
section  into  horizontal  strips,  and  taking  a  mean  velocity  for  each 
horizontal  layer,  to  get  the  mean  velocity  in  the  section.  This  is  not 
necessary,  inasmuch  as  the  cross-section  is  a  rectangle. 

Let  i^i,  F.y,   F^,   etc.,  be  the  areas  of  horizontal   strips,  of  equal 
width,  of  the  total  discharge  area; 
Vi,  V2,  »3,  etc.,  the  mean  velocity  in  these  strips; 
i^the  total  discharge  area; 
VJJ^  the  mean  velocity  in  this  area; 

and  Q  the  discharge,  in  cubic  feet  per  second.  

*  To  be  pubUshed  as  "  Water  Supply  and  Irrigation  Paper,  No.  62,"  United  States 
Geological  Survey. 
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Mr.  Murphy.         Then  Q  =  Fi  v^  +  F.,  v.2  -{-  F.^  v^  -}-...-{-  F„  v„. 

As  the  strips  are  of  equal  width,  and  the  canal  section  is  rectangu- 
lar, Fi  =  F.,  =  F^,  etc.,  and 

Q  =  Fi{vi-\-V2  +  Vi-\-  .  .  .  +v„)=Finv^  =  Fv„,. 

That  is,  the  discharge  is  eqnal  to  the  product  of  the  discharge  area 
by  the  mean  abscissa  of  the  vertical  velocity  curve  of  that  area. 

In  the  closing  paragraph  of  his  discussion,  Mr.  Le  Conte  calls  atten- 
tion to  the  fact  that  in  the  use  of  the  current  meter  the  engineer  is  at 
the  present  time  limited  to  canal  coefficients.  The  tests  of  accuracy 
of  current-meter  work  have  thus  far  been  made  in  canals  where  the 
conditions  could  be  easily  controlled  by  the  experimenter,  and  the 
conditions  affecting  accuracy  easily  described.  It  is  highly  desirable, 
but  very  difficult  and  expensive,  to  make  similar  tests  on  rivers.  The 
writer  has  under  way,  on  a  small  scale,  a  study  of  the  relative  accu- 
racy of  ciu'rent-meter  methods  as  applied  to  streams  of  moderate  and 
small  size,  and  hopes  in  the  near  future  to  be  able  to  throw  some 
additional  light  on  this  subject. 

The  writer  cannot  agree  with  Mr.  Lippincott,  that  "current  metera 
hold  their  rating  for  several  years  without  change,  provided  they  are 
handled  carefully  and  oiled."  His  experience  is  that,  with  the  best 
of  care,  the  small  meters  change  their  rating,  and  need  frequent  re- 
rating.  This  change  may  be  due  to  either  increase  or  decrease  in 
friction.  The  change  in  rating  may  not  be  very  noticeable  for  the 
higher  velocities,  but  is  very  noticeable  for  the  lower  ones. 

The  writer  is  pleased  to  have  on  record  the  meter  and  weir,  and  the 
meter  and  meter,  comparisons  made  by  Mr.  Lippincott.  He  thinks,, 
however,  that  a  full  description  of  all  the  conditions  under  which 
the  comparisons  were  made  (cross-section,  greatest,  least  and  mean 
velocity;  distance  of  section  from  weirs,  piers,  bends  or  other  disturb- 
ing influences)  and  methods  used  (to  measure  depths,  surface  fluctua- 
tions, revolutions  of  meter  wheel,  and  for  computing  discharge) 
should  be  given.  The  value  that  an  engineer  will  attach  to  such  com- 
parisons depends  on  his  knowledge  of  the  accuracy  of  measurement 
of  each  factor  on  which  the  discharge  depends. 

The  writer's  experience  with  the  "integration  method  "  is  that  it 
is  not  as  accurate  as  the  "point  method."  Some  of  his  discharge 
measurements  by  the  zigzag  integration  method  check  the  corre- 
sponding weir  discharge  closely,  while  others  do  not.  The  vertical 
velocity-curve  work  shows  that  fluctuations  in  velocity  near  the  bottom 
are  greater  than  at  any  other  place  in  a  vertical,  and  hence  the  bottom 
velocity  (with  the  center  of  the  meter  J  ft.  above  the  bottom)  is  not  a 
good  function  to  use  in  measuring  discharge. 

The  writer  desires  to  disclaim  any  intention  of  making  any  person 
an  "interested  party  "  to  his  paper.  He  has  avoided  in  this  paper  a 
detailed  comparison  of  results  by  difi'erent  meters.     The  meter  referred 
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to  by  Mr.  E  E.  Haskell  came  to  him  under  the  name  "  Haskell  meter,"  Mr.  Murphj. 

and  he  has  referred  to  it  by  this  name.     It  has  been  used  suspended  with 

a  cable,  with  the  revolving  head  near  to  the  lead  sinker,  in  order  to 

obtain  velocities  as  close  to  the  bottom  as  possible.     It  has  also  been 

held  with  a  rod,  without  a  sinker,  in  which  case  the  axis  of  the  meter 

was  parallel  to  the  axis  of  the  canal,  independently  of  the  rudder. 

It  was  not  the  aim  to  use  extreme  accuracy  in  these  tests.  "With 
greater  care  taken  to  maintain  a  constant  depth,  and  more  time  spent 
in  measuring  the  velocity  in  each  vertical,  a  slightly  greater  degree  of 
accuracy  would  have  been  attained.  What  was  wanted  was  the  degree  of 
accuracy  attainable  by  different  methods  of  operating  meters  when 
operated  quickly  in  a  simple  manner. 

Mr.  Haskell  states  that,  "  A  little  more  attention  paid  to  a  better 
determination  of  the  velocity  curves  should  readily  reduce  the  resid- 
uals for  the  measurement  of  flow  of  so  small  a  canal  to  less  than  J  of 
1  per  cent."  In  Mr.  F.  C.  Shenehon's  report  to  Mr.  E.  E.  Haskell  on 
his  ratings  of  current  meters,  in  connection  with  measurements  of  dis- 
charge of  the  Niagara  River,*  the  following  statement  may  be  found: 

"This  latter  was  stretched  over  five  days  in  an  attempt  to  trace  the 
cause  of  what  has  appeared  elsewhere  as  a  diurnal  variation  of  the 
rating  constants.  The  several  days,  however,  failed  to  show  any  con- 
siderable change,  and  the  observations  almost  deny  what  is  clearly  indi- 
cated throughout  all  the  two-meter  work,  and  what  other  ratings  made 
by  myself  and  other  observers  show  to  be  a  fact.  This  variation  of  1  or 
2%  on  either  side  of  a  mean  rating  line  is  baffling  in  the  extreme." 

If  there  is  an  uncertainty  in  observed  velocity  of  1  to  2^^,  due  to 
daily  changes  in  the  meter  constants  of  a  genuine  Haskell  meter,  there 
appears  to  be  very  little  hope  of  reducing  the  residuals  of  flow  of 
"even  a  small  canal  "  to  less  than  1  or  2  per  cent.  If  the  meter  work 
on  the  Niagara  River  "  clearly  indicates  "  a  daily  variation  of  1  or  2% 
in  the  meter  constants  (as  stated  above),  and  a  consequent  possible 
error  of  1  or  2  %"  in  the  measured  velocity  and  discharge,  from  one 
source  of  error  alone,  how  is  it  i^ossible  to  reduce  the  residual  errors 
to  less  than  2%  when  all  sources  of  error  are  taken  into  account? 

When  an  eugioeer  sees,  from  his  ratings  of  current  meters,  that 
there  may  be  an  error  of  1  to  2'J^  in  his  velocity  measurements,  from 
daily  changes  in  the  meter  constants,  is  he  justified  in  incurring  the 
expense  necessary  to  attain  extreme  accuracy  in  some  details?  Is  "a 
chain  stronger  than  its  weakest  link?"  Why  make  some  links  very 
strong,  when  it  is  known  that  others  are  necessarily  weak? 
♦Annual  Report  of  Chief  Engineer,  U.  S.  Army,  1900,  p.  6838. 
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In  the  paper  by  Messrs.  Gardner  S.  Williams,  Clarence  W.  Hub- 
bell  and  George  H.  Fenkell,t  among  other  propositions,  the  theory 
is  advanced  that  the  true  form  of  the  velocity  curve  of  the  water  flow- 
ing in  a  pipe  is  an  ellipse.  In  the  discussion  which  followed  that 
paper,  the  writer  presented  a  new  theory  of  the  viscous  flow  of  liquids, 
and,  assuming  that  the  pressure,  as  measured  by  the  difference  in 
heights  observed  in  two  circumferential  piezometers,  could  be  consid- 
ered as  applying  over  the  entire  cross-section  of  the  pipe,  deduced 
therefrom  that  the  true  velocity  curve  is  an  ellipse. 

*  Presented  at  the  meeting  of  December  18th,  1901. 
tPage  1  of  this  volume  of  Transactions. 


HYDRAULIC   PROBLEMS.  393 

In  the  present  paper  the  same  theory  will  be  applied  to  open 
channels,  and  an  attempt  will  be  made  to  solve  determinately  the 
much-discussed  but  never-answered  question,  of  why  the  maximum 
velocity  is  found  below  the  surface  in  such  channels.  The  other  dis- 
cussion forms  but  a  particular  case  of  the  present;  therefore,  even  at 
the  risk  of  being  tiresome,  some  of  the  statements  therein  made  will  be 
repeated  here,  but  they  will  be  much  more  fully  developed,  in  order 
to  make  the  explanation  complete.     Others,  again,  must  be  modified. 

As  a  preliminary  step,  let  it  be  assumed  that  uniform  motion 
exists  in  the  stream,  meaning  by  this  that  the  motion  along  each  fillet 
is  uniform  and  parallel  to  the  longitudinal  axis  of  the  stream,  and  that 
the  total  resistance  to  motion  is  composed  of  two  entirely  diflerent, 
yet  mutually  dependent,  classes  of  resistance,  one  being  the  so-called 
friction  along  the  bed  and  sides  of  the  stream,  the  other,  the  internal 
resistances  in  the  liquid  itself,  or  the  so-called  viscosity. 

The  method  generally  used  in  the  textbooks  of  to-day,  in  devel- 
oping a  formula  for  the  flow  of  a  liquid  in  open  channels,  is  to 
consider  the  mass  of  liquid  as  a  body  of  invariable  volume  sliding 
down  an  inclined  plane  under  the  action  of  its  own  weight,  this 
assumption  being  the  foundation  of  the  r=^c  yRS  formula.  The 
usual  interpretation  of  this  suj^position  is  so  restricted  that  it  gives 
correct  results  only  in  the  case  when  the  axis  of  the  curve  which 
represents  the  curve  of  mean  velocity  is  found  in  the  free  surface. 
The  maximum  velocity  would  then  be  found  in  this  axis,  but,  as  a 
matter  of  observed  fact,  the  maximum  velocity  is  seldom  or  never 
found  there.  One  of  the  objects  of  this  paper  is  to  prove  that  this  is 
necessarily  so,  which  can  be  done  by  extending  the  generality  of  in- 
terpretation of  the  above,  or  by  an  entii-ely  independent  method. 

The  First  or  Ordinary  Method.— T^ie  usual  method  of  treating  this 
problem  may  be  stated  as  follows:    In  a  stream  in  which  the  surface 

A  B,  and  bed,  CD,  are  parallel  (Fig.  1),  let  ^  /  ^ 

a  mass  of  fluid  of  density  p  be  flowing  with        P^  ~~~~~~--~^  in 

uniform  motion,    then,   if  a  prism  be  con-     "~""~-V  k  r ,, 

sidered  of  width  unity,  length  /,  and  depth  /        /  ~~r"~~-,J^-~~^ 

2,  its  weight   TF  will  be  pglz.    On   such   a  ^  l  \ 

prism,  referred  to  axes  parallel  and  perjien- 

dicular  to  the  free  surface,  the  end  pressures 

Po  and  p  are  equal,  being  respectively  equal  at  equal  depths,  and  hence 
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annul  each  other.  The  normal  pressures,  N^  on  the  surface  and  N  on 
the  bed,  need  not  be  considered,  as  fluid  friction  is  supposed  to  be 
independent  of  normal  pressure;  therefore,  ii  B  A  E  =^  ahe  the  angle 
which  the  surface  makes  with  the  horizontal, 

W sin.  «=  WS=pgl2S 
would  be  the  component  of  the  weight  of  this  body  of  fluid  in  the 
direction  of  motion,  which  must  be  in  equilibrium  with  the  friction 
on  the  bed,  or  the  viscosity  between  plane  layers  (modified  by  their 
motion)  at  a  depth  z  from  the  free  surface. 

The  writer  objects  to  this  statement,  and,  most  emphatically  so,  to 
the  limitation  "from  the  free  surface,"  which,  although  not  always- 
expressed,  is  always  understood.*  This  "component  of  the  weight  "  is 
an  erroneous  statement  of  the  case,  necessitated  by  the  axes  used,  and 
it  is  the  use  of  this  expression  which  has  caused  confusion.  The  writer 
considers  that  this  component  applies,  not  to  the  aggregate  mass  as 
measured  from  the  free  surface,  but  to  each  individual  and  elementary 
fillet  whatever  its  position;  in  other  words,  that  this  component  repre- 
sents a  uniform  pressure,  p  g  I  s,  over  the  entire  end,  A  B,  of  the  prism, 
and  is  the  same  per  unit  of  area  over  any  fillet 
wherever  located,  and  that  p  g  s  I  z  results, 
simply  because  of  this  pressure  being  taken 
over  an  aggregate  of  area  z,  not  because  it  is 
at  any  fixed  depth  below  the  free  surface  or 
below  any  other  point,  but  because  of  the 
number  of  fillets  considered. 

The  Other  Method. — BsrnouUli's  Theorem  states  that  in  any  stream, 
such  as  represented  in  longitudinal  section  in  Fig.  ^hj  A  B  C  D,  that 
at  the  two  end  sections,  A  B  and  C  D, 

2  9 

27  +  Tr  +  ^«  =  T7+-|+^' 

provided  the  motion  be  uniform,  the  fluid  be  incompressible  and  fric- 
tion be  disregarded;  in  other  words,  the  sum  of  the  velocity,  pressure 
and  potential  heads  is  constant.  In  the  figure  the  arrows  marked  p^ 
and  p  represent  the  atmospheric  pressure,  which  is  constant,  and 
therefore  equal.  The  depths  of  liquid,  A  B  and  C  D,  are  equal,  the 
top  and  bed  slopes  being  parallel,  hence  the  totals  of  the  pressures 
developed  by  the  weight  of  the  water  are  equal.      As,  by  supposi- 

T>-««,?»"Pyu'^^"^''"L®™^°'  desEaux,"  p.  3),  specificaUy  states  this.  He  also  quotes 
Frony  to  the  same  effect.  r-  j  «, 
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tion,  the  velocity  is  uniform,  therefore  the  velocity  heads  must  be 
equal.  In  order,  then,  that  Bernouilli's  Theorem  be  true,  as  the 
velocity  and  pressure  heads  annul  each  other,  the  potential  heads 
must  be  equal.  Now,  the  potential  head  in  this  case  would  be  the 
height  of  the  bed  of  the  stream  above  any  arbitrary  horizontal  plane 
of  reference,  necessarily  horizontal  as  gravity  acts  in  vertical  lines. 
Taking,  then,  this  plane  through  the  point  D,  h  would  be  zero,  but  h^, 
instead  of  becoming  zero  with  it,  becomes  equal  to  I  sin.  ix.  Then,  as 
hg  has  not  disappeared  with  li,  it  follows  that  resistances  must  exist, 
and  also,  in  order  that  the  motion  be  uniform,  these  resistances,  as 
developed  in  the  stream  and  along  its  beds  and  sides,  must  be  in 
equilibrium  with  this  head;  in  other  words,  the  motive  force  is  due 
to  a  column  of  water  I  sin,  a  high,*  acting  over  the  end  section,  A  B, 
of  the  stream,  and  it  is  this  pressure,  applied  to  the  end  of  each  and 
every  individual  fillet,  which  is  in  equilibrium  with  the  viscous  and 
frictional  resistances.  This  pressure  in  the  line  of  direction  of  motion 
would  he  p  g  I  sin.  a  over  each  individual  fillet  of  the  entire  end 
section;  or,  if  the  fillet  have  an  area  a,  it  would  he  p  g  I  sin.  a  a, 
immediately  reverting  to  the  form  of  the  weight  of  the  fillet,  but 
showing  in  this  case  that  the  particular  position  of  the  fillet  has  no 
bearing  on  the  question,  but  that  p  g  I  sin.  a  is  an  end  pressure,  the 
equation  taking  the  form  of  weight  simply  because  it  is  multiplied  by 
the  area  of  the  fillet. 

There  are  other  ways  of  proving  this,  but,  believing  it  to  be  suffi- 
ciently demonstrated  by  the  preceding,  there  results  the  following 
hitherto  unnoticed  law : 

£aio. — The  cause  of  motion  in  a  liquid  is  due  to  pressure  on  the 
end  section,  which  pressure  is  that  due  to  a  head  of  liquid  measured 
by  I  sin.  a,  uniform  over  the  section,  and  normal  in  direction  to  the 
line  of  action  of  gravity,  being  also  the  same  on  a  plane  normal  to  the 
line  of  flow,  by  a  well-known  principle  of  fluid  motion. 

The  above  pressure  applied  over  a  given  area  a  is  equivalent  to  the 
weight  of  a  mass  of  liquid  of  length  /  and  area  a;  nevertheless,  it  is  the 
pressure  on,  and  not  the  weight  of,  the  liquid  fillet  itself,  that  causes 
the  motion.  This  is  in  strict  conformity  with  the  process  used  in  the 
previous  discussion,  while  the  ordinary  assumption  is  not. 

*  Particular  attention  is  called  to  this,  as  showing  that  motion  results  from  tha  surface 
slope,  the  bed  slope  having  nothing  to  do  with  it.  It  is  believ.-.l  that  tlii«  was  first 
claimed  in  1836  by  M.  Pierre  Vauthier,  Ingenieur  en  Chef  des  Fonts  et  thauss^es. 
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Viscous  Resistance. — Next  consider  the  resistances  due  to  viscosity. 
In  the  previous  discussion  it  was  simply  stated,  "  let  it  be  assumed 
that  what  has  been  called  the  '  rate  of  distortion  '  of  the  liquid,  varies 
not  only  in  direct  ratio  to  the  distance  of  the  filament  from  the  center 
of  the  tube,  but  also  with  the  velocity  of  that  filament."  This  but 
partially  expresses  the  general  law,  and  a  criticism  by  Mr.  James  A. 
Seddon*  leads  the  writer  to  sujjpose  that  this  statement  proved  to 
be  misleading.  To  place  the  matter  in  a  clear 
light,  the  following  explanationf  is  given:  / 

"Sujipose  a  liquid  to   be   flowing   between ^ 

two  plates  (Fig.  3),  and  F  be  the  force  neces-  j-^g  3 

sary  to  move    it,   A    being    the    area    of    the 

plate    over  which   the    force  acts.      Further,  suppose  the  force  to 

vary   uniformly    with   its   distance  from   one   of    the   plates.     Then 

F  =/  A,  in  which/ is  proportional  to  — ,  or  if  e  be  the  coefficient  of 

z 

vi8cosity,/=  e — ,  and/will  be  the  '  rate  of  distortion  '  of  the  liquid." 

Writing  this  in  the  form/ =  e—. — ,  it  is  seen  that  — j —   is   simply 

(I  z  cl  z 

a  ratio,  and  this  is  Navier's  supposition  for  viscous  resistance,  adopted 

by  all  writers  on  capillary  flow,  as  Helmholtz,  Stokes,  Lamb,  Bassett 

and  others,  and  which,  developed,  results  in  the  parabolic  theory  of 

flow.     The  writer  assumes  that  /  varies  also  with  the  velocity  of  the 

filament,  or/  —  s  — - — ,  then,  if  A  Bhe  &  thread  of  maximum  velocity, 
whether  it  be  in  the  center  of  a  cylinder,  in  the  surface  of  a  stream,  or 
anywhere  else  in  the  stream,  the  stress  on  any  other  fillet,  per  unit  of 

length,  will  be  e  —-j^ — ,  in  which  z  is  the  distance  of  the  filament  con- 

a  z 

sidered  from  the  axis  of  maximum 
velocity.  From  the  foregoing 
definition,  this  must  be  measured 
by  P  >J- 

Genei'al  Formula.  —  Let  the 
shaded  portion  in  Fig.  4  represent 
a  vertical  longitudinal  section  of  a 
portion  of  a  stream  supposed  to  be  ^^^'  ^" 

of  indefinite  width,  and  let  the  thickness  of  the  prism  considered, 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xlvii,  p.  238. 

+  Due,  in  part,  to  Messrs.  Deeley  and  Wolfif,  in  The  Engineer  of  January  1st,  1897. 
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i.  e.,  perpendicular  to  the  plane  of  the  paper,  be  taken  as  unity.     Also 

assume  co-ordinate  axes,  one  of  which  lies  in  the  free  surface  and  the 

other   perpendicular   to   it,  the   origin  being  taken  at   0.     Suppose, 

further,  that  a  thread  or  plane  of  maximum  velocity  exists  at  a  depth 

Z  from  the  surface  of  the  stream.     The  distance  of  any  filament  from 

this  axis  may  then  be  referred  to  the  surface  by  writing  z  —  Z  for  z  in 

the  equations  deduced  with  the  axis  of  maximum  velocity  as  one  of 

the  co-ordinate  axes.     The  resultant  pressure  on  any  point  of  the  end 

section  of  the  stream  has  been  shown  to  be  that  due  to  a  column  of 

water  of  height  I  sin.  a,  or  s  I  in  the  directi<5n  of  motion,  where  s  has 

the  ordinary  signification  of  diflference  in  level  between  end  sections 

divided  by  their  distance   apart;  that  is  to  say,  the  fall  per  unit  of 

length.     The  pressure  on  the  end  of  any  prism  will  then  he  p  g  s  I,  and 

the  area  of  an  aggregation  of  such  prisms  being  z  —  Z,  as  referred  to 

the  surface,  as  the  width  has  been  assumed  to  be  unity,  the  total 

pressure  will  be 

pgsl{z-Z) (1) 

The  viscous  resistances  will  cause  the  consecutive  prisms  of  fluid, 
parallel  to  the  axis  of  maximum  velocity,  to  slide  upon  each  other  inde- 
pendently of  the  sliding  of  the  total  mass  upon  its  bed,  in  such  a  manner 
that  the  development  of  the  motion  per  unit  of  time  (usually  a  second), 
or  what  has  been  termed  in  the  previous  discussion  the  "  velocity  solid," 
can  be  represented  by  the  lighter  portion  C B  FHO,  in  which  C BF  0 
represents  the  motion  of  the  entire  prism  A  C  B  E  along  the  bed  of  the 
stream,  and  which  is  resisted  by  friction  on  the  bed  only,  and  0  FH 
represents  the  excess  of  motion  due  to  the  liquid  prisms  sliding  upon 
each  other  during  that  unit  of  time,  or  the  variation  in  motion  caused 
by  the  viscous  resistances. 

Velocity  Curve. — Consider,  first,  the  viscous  resistances  which  cause 
the  velocity  curve. 

Assuming  that  the  viscous  resistances  between  filaments  per  unit  of 

area  is  proportional  to  e  — - — ,  in  which  e  represents  the  so-called 
coefficient  of  viscosity,  and  which  expresses  that  the  viscosity  varies 
both  with  the  velocity  and  with  the  rate  of  distortion  of  the  liquid  as 
referred  to  the  axis  of  maximum  velocity  ;  also,  considering  f  of  the 
same  nature  as  the  frictional  coefficient  in  so  far  that  it  may  be  repre- 
sented as  a  force,  and  introducing  a  factor  D"*  to  take  into  considera- 
tion the  actual  depth  of  the  stream,  the  frictional  resistance  over  the 


I 
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length  /  between  consecutive  filaments  at  the  distance  z  from  the  thread 

of  maximum  velocity  will  be  pa  Z)""  /  £  -^ ^  "     — -,  or,  as  referred  to 

'  ^  1g         dz 

the  surface  of  the  stream,  and  observing  that  d  (v^-\-  v)  =^  d  v, 
-n-n  1        ^  d  r 

"3^  ^ ' ^J -d{J^:rz) 

Adding  this  to  (1),  the  equation  of  equilibrium  results 

2  0  s 
whence  v  d  v  =* 77^  (^ — Z)d{z — Z). 

2  a  s 
Writing  c  for  — ^ ,  and  integrating, 

v^  =  -.c{z-  Zf. 
But,  when  z  ^=  Z,  v  becomes  the  maximum  velocity,  V,  or 

V''  —  v''  =  c{z  —  ZY (2) 

and  when  z  =  D,  assuming  no  slip  due  to  viscous  resistances,  t  =  0,  or 

V'  =  c{D-Z)' (3) 

From  this,  c  =  jjr — vtf'  which  value,  substituted  in  (2),  gives,  after 

easy  reductions, 

v^       jz^^Zl^       (4) 

showing  the  curve  of  velocity  to  be  an  ellipse,  the  semi-axes  of  which 
are  maximum  velocity  and  the  distance  of  that  maximum  velocity  from 
the  bed  of  the  stream. 

This  may  be  said  to  apjily  strictly  only  to  that  portion  of  the  curve 
below  the  axis  of  maximum  velocity.  To  simplify  the  discussion,  as 
the  actual  resistance  between  water  and  air  is  unknown,  it  will  be 
assumed  as  a  liquid  resistance,  and  that  the  same  curve  holds  above 
the  axis  of  maximum  velocity. 

To  simplify  the  results,  let  Z  —  n  B,  thus  expressing  the  depth  of 
axis  as  a  percentage  of  total  depth,  also  let  F^.  =  surface,  V  =  maxi- 
mum, r,^  —  mid-depth,  and  JJ'  =  mean,  velocity  in  the  elliptic 
head.  2„  being  the  depth  of  the  mean  velocity. 

Making  2  =  0  in  Equation  (2j,  v  becomes  F^,  and 

V  —  V,^  =  c  Z'- =  c  Ll"  71- (5) 

From  (3)  V  ^  c  [D  —  Z)'^  =  c  D"  (1  —  nf (6) 

Subtract  (5)  from  (6)     V^^ ^c  [{I)  —  Zf  —  Z-]  =  c  D'  (1—  2  n) {7j 

K~  Vr=r2^ (^^ 
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For  the  mean  velocity  in  the  elliptic  head 

»/    o  *^     o 

O 

integrating  which 

V  =  i)V~T  I  ^  l/r^^27.  +  (1  _  n)»  (I  +  sin.-'  j-^)   [  .  (9) 
which  will  be  abbreviated  by  placing 

-2I    '^^/\:=^n^{\-nf  (|-  +  8in.-»j-^)   \  =  M (10) 

when  it  becomes  JJ'  =  '\/~c  B  M. (11) 

The  depth  of  this  mean  velocity  is  found  by  placing  this  value  in 
the  place  of  v  in  Equation  (4),  then  substituting  the  value  of  V  from 
Equation  (6),  and  there  results 

Z^  =  n±.  V  [\  —  nf  —  Mt (12) 

Eor  mid-depth  velocity  there  is  found  in  the  same  manner 

1        _  

^iD^Y'^^^   ^^  3— 4n (13 

It  must  be  remembered  that  all  of  that  which  precedes  under  this 
heading  relates  solely  to  the  elliptic  head. 

Motion  Along  the  Bed. — For  the  portion  C  0  B  F,  in  which  the 
velocity  is  not  only  uniform,  but  equal  in  each  fillet,  and  the  motion  of 
which  is  resisted  by  the  friction  on  the  bed  alone,  if  the  ordinary  as- 
sumption be  made  that  the  resistances  are  proportional  to  the  square 
of  the  velocity,  the  equation  of  equilibrium  per  unit  of  length  will  be, 

f  being  the  frictional  resistance  expressed  as  a  force, 

2 
P  gf  ITn  =  I'd  D  s, 

whence  v^  =  J-^  I>  S (14) 

This  equation  would  obtain  if  the  mass  of  liquid  to  which  it  applies 
were  considered  as  a  body  sliding  down  an  inclined  plane. 

General  Equations  for  Floio. — In  the  value  of  c  in  Equations  (5)  to 
(13)  the  different  forms  of  equation  arising  from  giving  m  values  other 
than  unity  have  been  shown  in  the  previous  discussion.  It  may  also 
be  stated  that  a  change  in  this  value  would  only  change  the  absolute 
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value  of  e  without  affecting  the  area  of  the  curve  0  M  F  or  the  total 
volume  in  the  elliptic  head.  Assuming  then  w  =  1,  replacing  c  by  its 
value  in  Equation  (11),  and  adding  it  to  (14),  there  results,  for  total 
mean  velocity  in  the  vertical  considered, 


the 
Total  surface  velocity  =  ^  2g  D  s\  .  I—  +  yl  — 2»      —  I  •  ■  •   (16) 

Total  maximum  velocity  =  ^  2g  DS  \       —  +  (1  — ^) a. /^  [  •  •  •  i^'^) 

Total  mid-depth  velocity  =  y  2g  DS  |  J-^  +  ^  y3  — 4riJ—  I  (18) 

Depth  of  mean  velocity  =  n  ±  y  (1  —  nf  —  M^ (19) 

Equations  (15)  to  (19)  comprise  the  fundamental  formulas  for  the 
flow  of  water  in  a  vertical  section  of  a  stream  of  indefinite  width,  and 
define  the  velocity  curve.  The  values  of  the  different  elements  will 
be  found  in  Table  No.  1. 

Momentum  and  Kinetic  Energy.  —  Consider  next  the  change  in  mo- 
mentum and  kinetic  energy  of  this  stream  as  comjiared  with  the  same 
had  all  the  fillets  the  mean  velocity  77.  This  discussion,  which  is  a 
model  for  clearness  of  presentation,  is  taken  from  Flamant's  "  Hy- 
draulique." 

In  any  stream  let  a  be  the  area  of  the  transverse  section,  d  a  be  an 
element  of  the  same,  u  the  mean  local  velocity  corresponding  to  this, 
element,  which  velocity  is  supposed  to  be  i^arallel  to  the  general 
direction  of  motion,  or  so  nearly  so  that  the  deviation  in  direction  may 
be  neglected,  and  ?7the  velocity  in  the  whole  section  defined  by  the 
equation, 

CT"  =  —  /    u  d  a, 

the  integral  being  taken  over  all  of  the  elements  c?  a  of  the  section. 
Calling  Q  the  total  discharge  per  unit  of  time,  and  d  Q  its  element, 
there  results 

d  Q  =  u  d  a, 


and 


Q=Ua=  f  uda (20) 
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TABLE  No.  1. — Elements  of  EiiiiiracAii  Head,  ax.8o  GrviNo 
Momentum  and  Kinetic  Eneboy. 


(1) 


(2) 


—0.200 

—0.175 

—0.150 

—0.125  I 

— fl.lOO 

—0.075 

—0.050 

—0.025 

0.0 

0.025 

0.050 

0.075 

0.100 

0.125 

0.150 

0.175 

0.200 

0.225 

0.250 

0.275 

0..300 

0.325 

0.350 

0.375 

0.400 

0.425 

0.450 

0.475 

0.500 


1.200 
1.175 
1.150 
1.125 
1.100 
1.075 
1.050 
1.025 
1.000 
0.975 
0.950 
0.935 
0.900 
0.875 
0.850 
0.825 
0.800 
0.775 
0.750 
0.725 
0.700 
0.675 
0.650 
0.625 
0.600 
0.575 
0.550 
0.525 
0.500 


31 

I 

(3) 


1.1832 
1.1619 
1.1402 
1.1180 
1.0954 
l.(;72i 
1.0488 
1.0247 
1.0000 
0.9747 
0.9487 
0.9219 
0.8944 
0.8660 
0.8367 
0.8062 
0.7?46 
0.7416 
0.7071 
0.6708 
0.6.325 
0.5916 
0.5477 
0..5000 
0.4472 
0.3873 
0.3162 
0.2236 
0.0000 


1.9494 
1.9235 
1.8974 
1.8708 
1.84.39 
1.8166 
1.7888 
1.7607 
1.7320 
1.7029 
1.6733 
1.64.32 
1.6124 
1.5811 
1  ..5492 
1.5166 
1.4832 
1.4491 
1.4142 
1.3784 
1..3416 
1..3038 
1.2649 
1.2247 
1.1832 
1.1402 
1.0954 
1.0488 
1.0000 


(5) 


0.0627 
0.0623 
0.0620 
0.0817 
0.0815 
0.0812 
0.0610 
0.0808 
0.0806 
0.0805 
0.0804 
0.0803 
0.0802 
0.0S02 
0.0803 
0.0804 
0.0806 
0.0810 
0.0814 
0.0819 
0.0826 
0.0835 
0.(J846 
0.0881 
0.(J881 
0.09O6 
0.0939 
0.0990 
0.1073 


3 

►f 

^ 

(6) 

.'7> 

(8) 

0.6027 

0.8920 

0.6042 

0.87« 

0.6059 

0.8667 

0.6077 

0.8537 

0.6096 

0.8405 

0.6117 

0.8271 

0.6140 

0.8134 

0.6164 

0.7995 

0.6190 

0.7851 

0.6218 

0.7710 

0.6249 

0.7563 

0.628:i 

0.7413 

0.6.319 

0.7260 

0.63tX) 

0.7103  1 

0.6404 

0.6943 

0.6453 

0.6778 

o.6.v/r 

0.6610 

0.6567 

0.6436  1 

0.6634 

0.6257  ; 

0.6710 

0.6073 

0.6795 

0.5882 

0.6890 

0.5684 

0.6999 

0.0001 

U.5478 

0.7122 

0.0378 

0.5362 

0.7263 

0.fr737 

0.50.35  ' 

0.7424 

0.1  W6 

0.4795 

0.7607 

0.1393 

0.4.5.38 

0.7826 

0.1674 

0.4254 

0.8095 

0.1905 

0.3927  1 

(9) 


(10) 


0.0892 
0.0882 
0.0872 
0.0863 
0.0853 
0.0ftl3 
0.0831 
0.0820 
0.0808 
0.0795 
0.0781 
0.0767 
0.0752 
0.07:16 
0.0719 
0.0701 
0.0682 
0.0662 
0.0»V»1 
0.0620 
0.0597 
0.0574 
0.05.52 
0.05.3fJ 
0.0518 
0.0512 
0.0520 
O.OoW 
0.0808 


—0.0269 
—0.0267 
—0.0266 
-0.0266 
— <J.02W 
— 0.0^66 
-0.0265 
— 0.f>365 
—0.0264 
— 0.fJ264 
— <J.0263 
-0.0362 
—0.0261 
—0.0259 
-0.0858 
i -0.0^6 
—0.0253 
—0.0251 
—0.0247 
— ^).0244 
— fj.0238 
— fj.0331 
—0.0223 
—0.0214 
-0.0203 
—0.0189 
—(J.  01 67 
—0.0176 
—0.0364 


+ 
(11) 


1.2406 
1.2378 
1.2351 
1.2322 
1.2293 
1.2262 
1.2229 
1.2195 
1.2158 
1.2121 
1.2081 
1.2038 
1.1994 
1.1947 
1.1896 
1.1846 
1.1792 
1.1735 
1.1676 
1.1615 
1.1553 
1.1492 
1.1434 
1.1877 
1.1350 
1.1S46 
1.1393 
1.1595 
1.2158 


Column  5,  not  explained  in  the  text,  is  V,j^  —  U. 

Comparing  the  momenttim  and  kinetic  energy  of  this  stream  with 
what  it  would  be  if  all  the  fillet.s  had,  in  place  of  their  individual 
velocities,  u,  the  mean  velocity,  U,  and  calling  the  weight  of  a  unit  of 
volume  of  the  liquid  <5,  the  mass  flowing  in  a  unit  of  time  across  the 

St 

element  d  a  will  he  —  d  Q,  and  the  momentum  and  kinetic  energy 

if 

corresponding  to  the  liquid  passing  through  that  element  will  be, 
respectively,  2 

—  d  Q  u,  and  —  d  Q  -^. 

Replacing  d  Q  by  its  value,  u  d  a,  and  summing  these  quantities 
over  the  entire  section,  the  resulting  momentum  and  kinetic  energy 
will  be 


/       u^  d  a,  and  ^    I      u^  d  a, 
J   a  ^yJ  a 
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while,  had  these  fillets  the  mean  velocity  U,  the  corresponding  quan- 
tities -would  have  been 

—  Q  U,    and    4-  Q  ^'. 
or,  placing  for  Q  its  value  U  a, 

-  U'  a,    and    -^  u^  a. 
9  ^9 

Comparing  for  momentum  the  quantities   f  i?  d  a  and   TJ'^  a,  and 

for  kinetic  energy  the  quantities  C  i?  d  a  and  ZT'  a,  let  w^  be  the  excess, 

positive  or  negative,  of  the  individual  velocity  u  of  any  fillet  over  the 

mean  velocity  TJ,  that  is 

U      =     U-\-Uy (21) 

Then  «2  =u-  ^2U „^  +  «^2 (22) 

M^  ^  ^7^  4-  3  f/^  »i  +  3  C  u{'  +  Mi^ (23) 

Now  multiplying  (21)  by  6?  a  and  integrating  over  the  entire  section  a 

f^tida=  Ua  +  /„  «!  d  a, 
which,  from  the  definition  of  mean  velocity  (20),  gives 

j\  ic^da=^0 
Multiplying  (22)   and  (23)  by  d  a,  integrating  and  substituting  this 
result, 

J   tr  d  a  =  If'  a  -\-   p  u^  d  a, 

f  u^  da=  C7^  o  -f  3  C  /  Wi2  (/  a  +  /  u^^  d  a, 
consequently,  the  ratio  of  the  actual  momentum  to  that  which  corre- 
sponds to  the  mean  velocity  is 

f  ir-da_  f  u;-da 

U^-  a     -^^      U^  a    ^"^^ 

and  the  ratio  of  the  kinetic  energies 

f  ^""da  _  ,        o  /  th'  d  a       f  u,^  d  a  _ 

U^a     -^  +  ^      u-'a     +-   U-^a     ••••' ^^^> 

which  will  here  be  represented  by 

1  +  7/  and  1  J-  3  77  +  K,  respectively (26) 

Flamant  considers  x  negligible,  but  here  it  will  not  be  so  considered. 
This  discussion  establishes  the  remarkable  fact  that  on  account  of  the 
inequality  of  velocity  in  the  fillets,  both  the  momentum  and  the  kinetic 
energy  of  the  stream  are  greater  than  they  would  be,  had  aU  the  fiUets 
the  same  velocity. 
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Applying  these  principles  to  the  problem  under  consideration,  and 
remembering  that  m  =:  1,  it  has  been  shown  that 

and 

£7,  =  V^  M 
whence 

u,  =  v,-{-v-{Ui+v,)=r-U,=  ^J '^V{D-Zy'- {2- Zy-Jill. (27) 

Substituting  Z  =  )i  D,  multiplying  by  d  z,  and  changing  the  limits  of 
integration  from  D  and  0  to  1  and  0, 

/  u{  d  a==cj     \    s/  [l  —  n)'^  -  (2  —  «)2—  3l\  dz 

U^  a  =  (v^  4-  f7,)-  =  c  (1  +  M)  -,  provided  /  =  f . 
It  ^\ill  be  quite  as  general  to  consider  the  elliptic  head  only,  at  present, 
in  which  case  .  JJ^  a  =^  c  M'^ 

then,  by  a  simple  integration, 

7  =  3^.(2-3«)-l (28) 

and  similarly 

^  =  4^2  (3  n'  +  6  H  -  5)  +  ^P  (1  -  2  nY  +  2. .    (29) 

1  +  3;;  + K  =  ^,(l_M)'  +  ^3    (l-2«)* (30) 

Applicatiox  to  a  Stream  of  Indefinite  Width. 
Relation  of  f  to  e. — The  formula  for  mean  velocity  in   a  vertical 
section  has  been  shown  to  be 

U=^2JI>SQ1+M^I) (31) 

in  which  M  is  dependent  on  the  position  of  the  axis  of  maximum 
velocity.  Should  the  case  exist  when  /  =  f ,  it  is  readily  seen  that  M 
expresses  the  ratio  of  the  mean  velocity  in  the  elliptical  head  to  the 
velocity  v^,  this  latter  velocity  being  taken  as  1. 

Assume,  as  a  first  illustration,  that  the  maximum  velocity  in  the 
elliptic  head  is  equal  to  the  velocity  »„.  Then  the  two  portions  of 
velocity  in  Equation  (17)  are  equal, 

whence  e  =  /  (1  —  «)' 
and  the  viscous  resistances  can  only  equal  the  frictional  resistances 
when  n  =  0,  or  when  the  axis  of  maximum  velocity  is  in  the  surface 
and  2„  =  0.619  D.     This  is  the  condition,  and  the  only  one,  to  which 
the  ordinary  assumption  of  a  body  sliding  down  an  inclined  plane  is 


404  HYDRAULIC    PROBLEMS. 

applicable.     All  its  formulas  result  from  making  ?i  =  0  in  Equations 

It 
(15)  to  (19);  and,  from  Equation  (10),  il/ would  become  — • 

Suppose,  as  a  second  case,  and  a  common  case  of  observation,  that 

the  mean  velocity  in  the  head  is  two-thirds  of  that  of  v^  (which,  by  the 

way,  is  similar  to  the  pipe  formula),  then,  in  Equation  (31)  there  must 

2      IT"  Y\  4f 

exist  the  relation —y  =  iTf      — ^  whence/=  g-Tp- 

If  /  =  £,  then  must  result  M  =  |.  But,  from  Table  No.  1,  this 
value  of  3/ corresponds  to  a  depth  of  axis  at  two-tenths  nearly,  and 
z^  =  0.651  B. 

If,  as  a  third  case,  the  maximum  velocity  lies  at  0.1  depth,  then,  if 
f  =  £,  the  mean  velocity  in  the  head  is  equal  to  0.726  v,^,  or,  the  maxi- 
mum velocity  in  the  head  equals  0.9  t?^,,  with  2„  =  0.632  D. 

From  these  and  similar  results  the  following  general  deductions 
are  af)j)arent. 

1. — Pulsation,  or  rise  and  fall  of  mean  and  maximum  velocity  in 
rivers,  is  caused  by  the  variation  of  temperature  in  the  water,  which 
causes  different  degrees  of  viscosity  between  the  filaments,  and  the 
pulsations  themselves  are  due  to  the  struggle  for  equality  between  the 
resistances  due  to  viscosity,  and  those  due  to  fluid  friction  in  the  bed 
and  sides  of  the  stream. 

2. — It  follows  that  the  axis  of  maximum  velocity  is  not  always 
necessarily  in  the  geometrical  center  of  a  j^ipe.* 

3. — If  viscosity  be  constant  for  a  given  temperature,  it  would 
follow  that  in  a  rough  channel  the  elliptic  head  would  be  relatively 
longer  than  in  a  smooth  channel,  although  the  total  motion  woxild  be 
less,  not  understanding,  in  this  connection,  roughness  as  creating 
eddies  and  absorbing  energy,  but  rather  one  the  coefficient  of  friction 
of  which  is  higher. 

Relation  of  Mean  to  Mid-Depth  Velocity. — Considering/  =  s,  the  three 
cases  above-named  give  nearly  the  same  result  in 
U  1  +  M 


VlD 

1  +  4^3^ 

-4?i 

In  Case  1,  u  =  0, 

-V=T> 

Katio  =  0.9568 

2,  n  ^  0.2, 

--!• 

"      =  0.9573 

3,  >i  =  0.1, 

M  =  0.726, 

"       =  0.9557 

■or  .*  ".Experiments  at  Detroit,  Mich.,  on  the  Effect  of  Curvature  Upon  the  Flow  of 
water  in  Pipes.       Transactions,  Am.  Soc.  C.  E.,  Vol.  slvii,  pp.  31  and  67. 
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Major  Alexander  Mackenzie,  in  his  "Current  Meter  Observations 
in  the  Mississippi,"  in  which  the  curves  were  determined  by  simul- 
taneous observations  on  six  meters  in  a  vertical,  found  for  his 
average  result:  Ratio  =  0.958. 

But,  should  f  not  equal  £,  this  ratio  would  be  far  from  constant. 

It  follows  that  the  5-ft.  depth  rule  of  Humphreys  and  Abbot,  and 
also  all  rules  depending  on  single  surface-velocity  observations,  are 
but  apiaroximate. 

Application  to  Channels  of  Limited  Width. — While  not  difficult  to 
form  the  elementary  equations,  which,  under  the  present  theory, 
would  take  the  general  form 


(v  d  V        V  dv\  ,„.         „s 


they  would  in  general  be  very  difficult  to  integrate,  and,  as  the 
hydraulic  radius  can  be  substituted  for  1>  in  the  formulas  as  here 
given,  within  the  limits  of  practice,  and  without  exceeding  the  allow- 
able error  of  observation,  such  development  will  not  be  here 
attempted. 

Transverse  Curves. — All  transverse  curves  will  evidently  be  of  a 
general  elliptic  form,  modified  by  the  conditions  in  the  last  jiaragraph, 
usually  having  two  different  branches  in  natural  streams,  meeting 
tangentially  over  the  curve  of  maximum  velocity,  and  will  be  largely 
influenced  by  the  figure  of  the  bed,  as  has  been  announced  by  all 
careful  experimenters.  Major  Cunningham,  in  his  "  Roorkee  Experi- 
ments," considered  them  to  be  quartic  ellipses. 

Justification  of  the  Elliptic  Form  by  Experiment. — As  it  is  easy  to  mul- 
tiply comparisons,  there  will  be  but  one  curve  figured  here.  This  is 
taken  at  random  from  Major  Mackenzie's  "  Current  Meter  Observations 
in  the  Mississippi, "  being  his  No.  24,  which  gave  the  result  of  reading 
six  meters  operated  simultaneously  for  27  consecutive  minutes,  regis- 
tered electrically,  and  which,  if  the  writer  errs  not,  were  undertaken 
as  a  result  of  the  discussion  on  the  paper*  by  the  late  James  B. 
Francis,  M.  Am.  Soc.  C.  E.,  entitled  "On  the  Cause  of  the  Maximum 
Velocity  of  Water  Flowing  in  Open  Channels  being  below  the  Surface." 

The  calculations  involved  in  the  foregoing  are  as  follows :  The  maxi- 
mum velocity  is  evidently  around  a  depth  of  3.6  ft.  Assume  n  =  0.175 
or  3.78  ft.  Then  z^  =  0.6453  D  =  13.938  ft.  For  n  ^  0.175  and/  =  e, 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  vii,  pp.  109, 168. 
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Vi  =  0.678  v„,  and  also  V^^^,^^^  equals  1.825  v^  =  2.401,  whence  v„  = 
1.315,  from  wliicli  V  =  1.086.  Placing  this  in  Equation  (4),  with 
D  —  21.6,  and  adding  v^  to  each  result,  the  last  column  of  Table 
No.  2  results. 

TABLE  No.  2. 


D. 

Experimental  result. 

Mackenzie's  deductions. 

Present  theory. 

0 

2.361 

2.374 

3.6 

2.401 

2.401 

2.401 

6.6 

2.375 

2.394 

2.386 

9.6 

3.370 

2.352 

ii.341 

12.6 

2.271 

2.267 

2.260 

15.6 

2.103 

2.096 

2.128 

18.6 

1.846 

1.846 

1.918 

21.6 

0.94 

1.315 

Mean 

2.186 

2.206 

Mid-depth 

2.328 

2.312 

-0.1  0  0.1         0.2         0.3         0.1 

curve  of  kinetic  energy 

in  a  stream  of  unlimited  width. 

elliptical  theory.      "head"  only. 

Fig.  5. 


Mackenzie  found  n  =  0.2,  nearly,  or  4.2   ft.,  with  2„  =  14.32   ft. 
Humphreys  and  Abbot's  rule  gave,  for  value  of   U,  2.260  ft.      Here, 
without   trial   curve    or    preparation,   the    calculation  gives  as  close 
results   as   the    more   elaborate 
method,  having  for  data  simply 
the  total  depth  of   the   stream, 
together  with  the  value  of  the 
maximum  velocity  and  its  depth. 
Although  the  formula  is  a  slope 
formula,     the     curve     may     be 
quickly  determined  from  a  few 
observations. 

Relation  of  Momentum  and  Kinetic  Energy.— In  Fig.  5  is  plotted  the 
curve  of  kinetic  energy  due  to  variation  of  velocity  in  the  head  only, 
for  a  stream  of  unlimited  width,  as  calculated  in  Table  No.  1,  the 
abscissas  being  the  depth  of  axis  expressed  in  parts  of  depth,  and  the 
ordinates  the  values  of  the  kinetic  energy,  1  +  3  ?;  -f-  k. 

This  curve  shows  that  the  kinetic  energy  of  the  stream  decreases 
as  the  axis  lowers,  and  the  position  of  this  axis  has  been  shown  to  de- 
pend upon  the  relation  between  viscosity  and  the  bed  friction,  M  ex- 
pressmg  the  ratio  of  the  mean  velocity  in  the  head  to  that  of  v^, 
assuming  that  the  resistance  at  the  surface  is  the  same  as  that  be- 
tween the  fluid  fillets.     As  the  kinetic  energy  is  thus  shown  to  de- 
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crease  as  the  axis  falls,  it  can  be  stated,  although  the  limits  are 
ill-defined,  that: 

On  account  of  the  principle  of  the  least  expenditure  of  energy,  and 
under  normal  conditions  as  to  temperature  of  water  and  bed  friction, 
the  axis  of  maximum  velocity  should  be  found  below  the  surface,  but 
should  never  exceed  about  0.425  dej^th,  the  actual  depth  depending 
solely  upon  the  relation  of/ to  s- 

The  value  of  7  in  Table  No.  1  should  be  multiplied  by  the  square 
of  the  ratio  of  the  mean  velocity  in  the  head  to  the  total  mean  velocity, 
and  that  of  «  by  the  cube  of  the  same,  or,  what  is  the  same  thing  when 

(i,r   \  2         /     yv/    \  ^ 
1  -L.  m)    ^^^  \l  -L  m)   '  J^^spectively,  for  the  true  values 

2 
of  77  and  H.    Thus,  in  the  second  illustration,  when  3/=  ^,  taking/  =  s, 

o 

it  is  readily  found,  that 

M  =  0.193;  ?7^  =  0.5534;  P"=  0.4466;  ^,+  F=l;  r=  0.9223;  6^  =  0.3689. 

Then   (mi)     =0.16  and  (||S)    =0.064,  whence,  as  from  Table 

No.  1,  T/  —  0.0682  and  «  =  —  0.0253,  the  correct  values  become, 
u  =  0.0682  X  0.16  =  0.0109;  k  =  0.0253  X  0.064  =  —0.0016;  and 
1  -f-  3  77  4-  Pi  =  1.0311  instead  of  1.1793,  as  in  the  table,  which  is  the 
least  energy  that  could  be  developed  under  the  conditions,  as  com- 
pared with  that  developed  by  the  stream  had  all  the  fillets  the  mean 
velocity  U.  It  is  apparent  from  the  curve  of  energy  that  this  is  less 
than  it  would  have  been  were  the  maximum  velocity  in  the  surface. 

General  Remarks. — Whatever  the  form  of  the  curve  of  velocity  may 
be,  and  some  of  the  preceding  deductions  are  independent  of  this  form, 
or  of  the  writer's  particular  assumption  as  to  viscosity,  it  seems  as  if 
it  should  jjossess  two  properties:  Its  branches  should  be  tangent  over 
the  i^oint  of  maximum  velocity,  and  it  should  terminate  tangentially 
to  the  bed.  It  would  seem  that  a  curve  abrui^tly  cut  oiF  at  the  bed 
should  slip  along  it.  It  is  hard  to  conceive  the  fluid  torn  apart  as 
would  be  required  by  parabolas,  hyperbolas,  etc.,  although,  on  the 
supposition  here  made  that  /  =  f ,  the  resistances  Avould  insensibly 
glide  into  each  other.  The  ellipse  seems  to  be  the  proper  curve,  as 
other  essential  requisites  are  lacking  in  the  circle.  Navier's  theory  re- 
quires a  parabola.  The  writer  exjiressed  the  belief  (but  will  not 
strongly  insist  upon  it)  that  the  Poiseuille  coefficient  of  viscosity  was 
based  on  an  improper  theory,  for  the  reason  that  the  experiments  were 
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carried  on  with  capillary  tubes,  and  it  was  thought,  when  the  remark 
was  made,  that  the  coefficient  found  was  rather  that  of  friction  on  the 
sides  of  the  pipe  than  that  of  viscosity,  capillary  attraction  practically 
annulling  the  "  dome." 

This  theory  and  that  in  the  previous  paper  can  readily  be  made  to 
apply  to  orifices  and  weirs,  as  well  as  to  pipes  and  channels,  avoiding  the 
necessity  of  "  coefficients  of  contraction."  For  instance,  in  a  circular 
orifice  with  sharp  edges,  v^  would  be  necessarily  zero.  The  volume  in 
the  ellijitic  head,  and  consequently  Q,  would  then  be,  as  a  maximum, 
Q  =  |v'2  g  h,  the  area  being  unity.  This  would  be  modified  by  a 
only.  Assuming  a  coefficient  of  velocity  of  0.985,  there  is  obtained 
§  =0.6566  \/2  ^ /i,  agreeing  exactly  with  Boussinesq's  deduction  by 
an  intricate  method  of  approximation.  ^^  would  not  be  0  in  the 
standard  tube,  hence  Q  would  be  greater.  This,  however,  is  foreign 
to  the  subject. 

Final  Summary. — The  foundation  of  this  paper  is  the  discovery  of 
the  law,  hitherto  not  recogTiized,  that  the  motion  of  fluids  is  the 
result  of  pressure  on  the  end  section,  and,  consequently,  each  indi- 
vidual fillet  moves  under  the  action  of  a  force  which  is  equal  to  its 
weight,  but  is  applied  at  its  end,  and  owes  nothing  to  the  weight  of  the 
fillets  surrounding  it.  Consequently,  an  axis  of  maximum  velocity 
may  be  established  at  any  point  in  the  section  around  which,  or 
parallel  to  which,  the  fillets  may  flow  with  the  same  velocity. 

With  definite  air  resistance,  the  cui"ve  might  be  modified  above  this 
axis,  but,  considering  this  resistance  as  a  fluid  resistance,  the  curve 
of  velocity  may  be  referred  solely  to  viscosity  and  bed  friction,  with 
the  results  as  hereinbefore  given. 

The  assixmiDtion  as  to  the  law  of  viscosity  gives  a  form  of  equation 
such  that  the  laws  of  motion  may  be  readily  traced,  and  seems  to  agree 
well  with  experiment,  and  while  many  careless  readers  may  see  in  the 
results  nothing  but  the  v  =  c  ^^E  S  formula,  no  similarity,  except  as  to 
form,  will  be  found  if  they  will  follow  the  line  of  reasoning. 

It  may  be  stated  that  in  the  case  of  a  bed  so  smooth  that/  becomes 
0,  the  first  term  of  Equation  (15)  would  be  neglected  as  indeterminate, 
the  viscous  resistances  still  remaining  as  a  resistance  to  flow,  revert- 
ing to  a  case  somewhat  similar  to  a  sharp-edged  orifice  in  which  the 
velocity  lies  entirely  in  the  elliptic  head  and  v^  is  zero. 

This  discussion  does  not  apjjly  to  floods  where  constant  surface 
supplies  are  added  to  the  stream. 
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It  may  be  finally  stated  that  Bernouilli's  Theorem  was  fought 
bitterly  before  it  was  finally  accepted  as  established.  This  may  be, 
but  the  writer  sees  no  other  way  to  prove  the  actual,  established  fact, 
which  all  the  theory  in  the  world  cannot  controvert,  that  the  axis  of 
maximum  velocity  in  an  open  stream  is,  in  the  great  majority  of  cases, 
below  the  surface. 

It  will  undoubtedly  be  asked,  "If  the  motive  force  is  not  due  to 
the  weight  of  the  liquid  itself,  where  does  it  come  from?  "  The  reply 
to  this  is,  that  it  is  due  to  atmospheric  pressure.  It  has  been  assumed 
that  the  resistance  between  the  air  and  the  moving  liquid  is  of  the 
nature  of  viscosity,  that  is  to  say,  that  the  air  in  contact  with  the 
liquid  surface  moves  with  it,  in  contradistinction  to  the  immovable 
bed.  But  it  does  not  follow  that  the  upper  layers  of  air  follow  any 
such  law.  Replacing,  therefore,  the  atmospheric  pressiire  on  the 
surface  by  the  height  shown  by  barometers  of  the  same  kind  of  liquid 
as  that  considered,  the  barometers  at  the  two  ends  of  the  section 
would  act  independently,  and  the  diflference  in  pressure  would  be 
equal  to  the  height  of  a  column  of  the  liquid  considered,  due  to  the 
slope  of  the  surface.  This  considers  a  channel  as  a  pipe  mth  one 
fixed  and  one  movable  wall.  The  resistance  overcome  is  measured  by, 
but  not  caused  by,  the  weight  of  water  contained  in  it.  The  ordinary 
assumption  would  then,  strictly,  require  the  axis  of  maximum  velocity 
to  be  always  above  the  surface. 

In  one  or  two  instances,  the  writer  has  simply  said  weight,  when 
"  component  of  the  weight  in  the  direction  of  motion  "  should  have 
been  used,  but  trusts  the  context  will  render  the  meaning  plain,  and 
avoid  confusion. 
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DISCUSSION. 

Clemens  Hekschel,  M.  Am.  Soc.  C.  E.  (by  letter). — Civil  Engi- 
neering has  been  defined,  by  what  is  generally  accepted  as  the  best 
definition  extant,  as  "the  art  of  directing  the  great  sources  of  power  in 
Nature  for  the  use  and  convenience  of  man."  Let  this  stated  object  of 
the  art  at  any  time  disai^i^ear  or  become  secondary ;  let  an  investigation 
cease  to  hold  primarily  in  mind,  and  fixedly  tend  toward  "  the  use  and 
convenience  of  man, "  and  the  discussion  at  once  passes  from  the  domain 
of  civil  engineering  to  that  of  pure  science,  and  from  that  of  civil  engi- 
neers to  that  of  savants  or  physicists.  This  is  not  saying  that  the 
pursuit  of  science  for  science's  sake,  or  as  a  form  of  recreation,  has  not 
a  proper  place  in  the  world's  develojjment,  but  in  this  same  world  in 
which  printing  has  now  become  so  cheap  or  ready  of  accomiilishment, 
and  in  which  so  much  is  in  fact  printed,  it  behooves  civil  engineers  to 
stand  ready  to  apjily  the  toixchstone  of  utility,  or  at  least  of  the  dii-ect 
tendency  toward  proximate  utility,  to  any  article  they  may  meet,  if 
they  Avish  to  recognize  and  select  their  very  own. 

The  hydraulic  engineer  has  presumably  offered  him  as  much  purely 
scientific  dissertation  as  any  other  member  of  the  greater  profession  of 
engineering,  and  yet  stands  in  great  need  of  work  directly  tending  to 
advance  his  especial  art,  and  it  is  as  deploring  a  diversion  of  admirable 
forces  from  his  own  line  of  work  to  that  of  pure  science,  or  of  specu- 
lation, that  he  must  view  so  much  that  is  printed  on  hydraulic 
subjects. 

These  remarks  have  been  instigated  by  the  search  among  engi- 
neers just  now  for  such  things  as  "  velocity  curves  "  within  piijes,  and 
in  open  channels,  when  the  real  "use  and  convenience  of  man," 
demands  rather  more  and  better  means  for  measuring  quantities,  and 
when  it  has  been  repeatedly  shown  that  the  search  for  curves  of  velocity 
does  not  lead  to  means  of  gauging  streams  of  water.  At  the  same  time, 
means  of  measurement  already  devised  are  calling  loudly  for  further 
exjieriment  to  perfect  them,  and  the  use  and  convenience  of  man  would 
also  welcome  better  such  means  to  supi^lant  those  now  practiced,  if 
such  can  be  devised.  Savants  there  are  a  plenty,  and  there  is  no  especial 
demand  for  engineers  to  encroach  upon  their-  specific  domain.  But  if 
they  do  choose  this  line  of  work,  let  it  be  recognized  as  not  being 
engineering. 

Again :  Whenever  the  engineer  neglects  to  have  direct  and  proximate 
utility  in  mind,  it  appears  to  tend  to  affect  the  correctness  of  his 
l^remises.  Especially  does  this  appear  to  be  true  in  hydraulics,  where 
for  fifty  years  or  more  we  have  had  "fillets,"  and  "filaments,"  and 
"  sliding  friction,"  and  "  curves  of  velocity,"  dinned  into  the  student  of 
engineering,  until  the  engineer  has  been  led  by  the  savants  to  live  and 
think  in  and  of  a  world  of  water  that  has  no  existence,  and  now  cannot. 
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without  the  spur  of  an  endeavor  primarily  to  be  useful  to  his  fellow  Mr.  HerscheL 
man,  shake  off  the  allurements  of  an  intoxicating  mere  pursuit  of  yet 
more  science.  This  may  be  illustrated  from  the  paper  under  dis- 
cussion, although  the  writer  hastens  to  state  that  he  thinks  it  no 
worse  in  this  resiJect  than  very  many  others;  yes,  no  worse  than 
most  others  of  the  present  day,  and  he  wishes  to  apologize  to  the 
author  of  the  paper  referred  to,  for  having  selected  his  particular  essay 
as  the  one  to  furnish  the  immediate  object  of  the  present  adverse 
criticism.  It  is  a  most  admirable  discussion  in  itself,  and  would  be  a 
step  toward  jirogress,  except  that  it  lacks  foundation,  by  reason  of  false 
premises,  like  the  others  spoken  of. 

"  As  a  preliminary  step  (says  the  author),  let  it  be  assumed  that 
uniform  motion  exists  in  the  stream,  meaning  by  this  that  the  motion 
along  each  fillet  is  uniform  and  parallel  to  the  longitudinal  axis  of  the 
stream,  and  that  the  total  resistance  to  motion  is  composed  of  two 
entirely  different,  yet  mutually  dependent,  classes  of  resistance,  one 
being  the  so-called  friction  along  the  bed  and  sides  of  the  stream,  the 
other,  the  internal  resistances  in  the  liquid  itself,  or  the  so-called 
viscosity. " 

Upon  which,  the  writer  ventures  to  affirm  that  there  is  no  use  of 
reading  any  further.  Any  edifice  built  on  such  a  foundation  needs  but  a 
breath  to  cause  it  to  crumble  into  the  dust.  No  such  described  fluid  ex- 
ists on  the  face  of  the  earth,  and,  conversely,  no  formula  thus  developed 
can  be  ajiiilicable  (unless  by  empiricism)  to  fluids  found  on  the  earth. 
Water  no  more  flows  in  lines  parallel  to  the  axis  of  the  stream,  no  more 
slides  along  in  layers  represented  by  the  customary  "  velocity  curves  " 
and  having  the  resistance  of  viscosity  between  those  layers,  then  would 
the  contents  of  a  feather  bed  floating  down  the  street  in  a  gale  of  wind. 
Of  this  we  have  recorded  experimental  proof,  and  anybody  can  repeat 
the  experiment,  or  go  out  into  the  open  and  acquire  conviction  by 
looking  at  water  flowing  in  a  canal;  or  observe  it,  mixed  with  amber 
dust,  flowing  through  a  glass  tube.  Referring,  in  this  connection,  to 
the  writer's  treatment  of  the  general  subject  now  under  consideration,* 
the  following  extract  will  describe  the  experimental  proof  above  spoken 
of,  that  water  flowing  in  a  closed  conduit  cannot  properly  be  described 
as  flowing  in  concentric  rings  or  layers. 

"In  the  December,  1893,  number  of  the  Transactions,  Am.  Soc. 
G.  E.,  is  an  article  by  G.  H.  Benzenberg,  M.  Am.  Soc.  C.  E.,  on  the 
'  Sewerage  Svstem  of  Mihvaukee  and  the  Milwaukee  River  Flushing 
Works.'  This  able  engineer,  after  completing  the  discharge-sewer 
12  ft.  in  diameter  and  2  534  ft.  long,  for  the  latter-described  works, 
was  anxious  to  know  its  volume  of  discharge  under  various  conditions. 
As  both  ends  of  it  are  submerged,  he  hit  upon  the  expedient  of 
measuring  the  velocity  of  the  water  through  it  by  injecting  suddenly 
two  ounces  of  red  eosine,  dissolved  in  one  quart  of  water,  into  the 
sewer  at  one  end,  and  noting  the  discharge  of  this  colored  water  half 

*  "  115  Experiments  on  the  Carrying  Capacity  of  Large,  Riveted,  Metal  Conduits," 
John  Wiley  &  Sons,  1897,  Chapter  vii. 


412  DISCUSSION   ON    HYDRAULIC    PROBLEMS. 

a  mile  fartlier  down-stream.  He  was  enabled  to  do  this  with  accuracy, 
because  'the  color  was  readily  perceptible  at  the  outlet,  and  was 
never  distributed  over  a  length  of  more  than  7  to  9  ft.,  being  about  i 
of  1%  of  the  length  of  the  tunnel,  the  center  of  which  was  taken  as 
the  point  observed.  The  compactness  of  the  coloring  matter  showed 
that  the  velocity  was  practically  uniform  at  all  points  in  the  cross- 
section  of  the  tunnel,  which  again  in  itself  was  very  uniform  through- 
out the  entii'e  lengih  of  the  tunnel.'  Nevertheless,  a  4  x  6  in.  block 
18  ins.  long  was  found  spiked  to  the  interior  on  inspection  of  the 
ttinnel  the  next  sjjring. 

Let  us  add  that  in  these  ten  experiments  of  discharge  the  mean 
velocity  ranged  from  3.9  to  6.9  ft.,  and,  that  nothing  might  be  lacking 
to  prove  the  ordinary  conditions  of  flow,  that  the  computed  coefficient 
in  r  =  c  ^7^  ranged,  with  the  velocity,  from  122.7  to  1.37.3.  Here 
we  have  the  truth  about  flowing  water,  and  a  truthful  representation 
of  how  it  flows.  A  body  of  it  equal  in  length  to,  say,  half  the  diameter 
of  the  pipe  stays  together,  though  riddled  and  seething  with  internal 
motion,  for  tbe  distance  of  half  a  mile,  or  for  from  6  minutes  4  seconds 
to  10  minutes  52  seconds,  and  no  doubt  for  a  much  longer  space  and 
time  in  actual  j^ractice  in  straight  channels." 

Supjjose  that  there  had  been  a  "  scale  of  velocities  "  and  "  velocity 
curves  "  in  this  sewer,  such  as  are  generally  supposed  to  exist  and  are 
pictured  in  books  and  essays;  and  make,  for  jDurposes  of  illustration, 
the  reasonable  assumption  that  the  maximum,  mean  and  minimum 
velocities,  as  usually  determined,  had  been  6,  5  and  4  ft.  per  second ; 
then  in  passing  over  2  534  ft.  of  conduit,  the  colored  head  of  the 
center  "filament"  would  have  jjassed  the  down-stream  goal  in  422 
seconds.  At  that  moment  the  colored  heads  of  the  filaments  of 
minimum  velocity  would,  however,  have  traversed  only  1  688  ft.,  and, 
consequently,  we  should  have  had  a  paraboloid  of  revolution  846  ft. 
long,  colored  b}'  the  red  eosine,  whereas,  iVIr.  Benzenberg  states  that, 
"the  color  *  *  *  ^as  never  distributed  over  a  length  of  more 
than  7  to  9  ft.";  that  the  coloring  matter  was  compact,  and  that  its 
observation,  difi"used  throughout  a  mass  of  water  of  that  length, 
served  jjerfectly  to  determine  the  mean  linear  velocity  of  the  mass. 

Now  then,  investigators  of  hydraulic  problems  must  either  pro- 
duce a  stream  of  water  long  drawn  out,  after  the  fashion  of  molasses 
candy  at  a  "candy -pulling,"  as  they  have  represented  them,  or  else 
they  should  stop  talking  about  straight-line  filaments  and  their 
accompanying  "velocity  curves,"  and,  above  all,  should  cease  to  put 
the  idea  of  such  filaments  and  curves  into  the  premises  of  their 
investigations,  and  then  use  these  jDremises  as  the  basis  for  the  deter- 
mination of  formulas.  They  should  also  cease  to  make  these  fancied 
curves  the  object  of  their  investigations,  when  working  as  civil  engi- 
neers, for  it  has  been  abundantly  shown  by  150  years  of  such  work 
that  such  investigations  are  mere  recreations,  and  do  not  lead  to 
methods  of  gauging  or  to  formulas  for  comijutiug  the  discharge  of 
water.  They  cannot  be  useful,  because  they  are  the  mere  products  of 
fancy,  and  have  no  existence  at  anv  one  moment  of  time. 
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The  truth  of  the  matter  probably  is,  that  a  particle  of  water  at  one  Mr.  Herscbel. 
moment  on  the  circumference  of  the  tube  section,  is,  a  fraction  of  a 
second  later,  in  the  axis  of  the  tube,  and  I  second  later  may  be  on  the 
circumference  again,  and  these  subsidiary  currents  of  water  constantly 
impinge  against  the  walls  of  the  tube,  to  be  thence  repelled,  and  again 
repelled  elsewhere  from  the  tube,  the  whole  mass  meanwhile  moving 
in  the  direction  of  the  current,  and  it  is  probably  during  or  by  reason 
of  this  process  of  the  imjiinging  of  these  subsidiary  currents  against 
the  walls  of  the  channel,  that  the  varying  retardation  of  different  sur- 
faces of  tubes  is  produced.  This  would  also  explain  why  experiments 
made  with  geometric  cylinders,  are  of  but  limited  application  to  pipes 
such  as  are  found  in  practice,  with  joints,  branches,  gates  and  similar 
irregularities,  and  why  general  laws  cannot  be  derived  from  experi- 
ments conducted  on  irregularly  formed  conduits;  and  may  produce  in 
the  mind  the  necessary  conception,  for  purposes  of  grasping  the  whole 
situation,  of  the  uniform  averages  of  a  multitude  of  chance  effects 
having  been  mistaken  for  the  uniform  action  of  the  jihysical  law  of 
flowing  water. 

Take  10  000  names  from  the  New  York  City  directory,  and  let  their 
owners  shoot  at  a  target  at  200  yds.,  and  they  will  score  a  certain 
number  of  points.  Then  take  10  000  more  such  names,  and  the  same 
process  will  result  in  jjractically  the  sanie  score.  But  this  does  not 
establish  any  law  of  jsrojectiles  or  of  gunnery;  only  the  law  of 
averages  of  chance  results.  Similarly,  the  presence  of  nearly  the 
same  component  of  velocity  parallel  to  the  axis  of  the  channel,  at  any 
point  in  the  cross-section  of  a  stream  of  water,  at  consecutive  intervals 
of  time,  does  not  represent  physical  law,  only  the  law  of  averages 
applied  to  chance  effects.  And  "  curves  of  velocity  "  are  still  less 
recognizable  as  symptoms  of  natural  law. 

Again,  why  seek  for  "curves  of  velocity"  and  pass  from  them  to 
the  determination  of  quantity,  when  qiiantity  of  discharge  is  the  true 
aim  and  object,  and  may  be  sought  directly?  No  one  would  think  of 
torturing  a  |-in.  pipe,  and  the  floAv  of  water  through  it,  and  writing 
voluminous  reports  of  a  season's  oi^erations  of  a  party  of  engineers 
on  such  a  pipe,  to  determine  its  dischai-ge,  but,  instead,  would  put  on 
a  meter.  Precisely  the  same  thing  can  be  done  these  fifteen  years  in 
the  case  of  pipes  of  any  diameter,  and  for  a  mere  fraction  of  the  cost 
incurred  by  any  other  process  of  determining  such  discharges*.  A 
self-recording  apparatus  permits  of  keeping  a  perpetual,  continuous 
record  of  such  discharges;  surely  enormously  better  for  all  practical 
purposes — for  any  purpose  tending  to  the  use  and  convenience  of 
man — than  a  solitary,  few,  pictured,  imaginative  gaugings  by  means  of 
Pitot  tubes  or  current  meters. 

*  "  115  Experiments  on  the  Carrying  Capacity  of  Large,  Riveted,  Metal  Conduits," 
John  Wiley  &  Sons,  18il7,  Note  C.  Merriman's  "  A  Treatise  on  Hydraulics,'  Ji,>hn  Wiley 
&  Sons,  1895;  Article  71.     Transactions,  Am.  Soc.  C.  E.,  November,  1888. 
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The  hydraulic  method  used  in  the  Venturi  meter,  above  referred 
to,  is  also  applicable  to  the  determination  of  Aveir,  and  of  orifice,  dis- 
charges, and  in  the  writer's  opinion  should  be  adopted,  to  the  exclu- 
sion of  all  ordinary  coefficients  now  used,  to  determine  such  dis- 
charges. An  article*  on  this  subject  by  the  writer,  entitled:  "  The 
New  Hydraulics,"  is  referred  to,  in  connection  with  this  discussion. 

It  argiies  for  the  abandonment  of  the  mixture  of  hydrostatics  and 
of  hydraulics  now  followed  in  weir  and  orifice  discharge  gaugings, 
and  for  the  substitution  of  measurements  to  be  based  wholly  on  the 
hydraulic  data  obtainable  in  each  case.  Thus:  instead  of  seeking 
for  a  water  height  to  be  taken  as  the  equivalent  of  "still  water" 
up  stream  from  a  weir,  or  taking  this  water  height  at  a  designated 
point  in  a  designated  manner,  and  then  correcting  it  by  computa- 
tion for  "velocity  of  approach,"  let  the  effective  water  height  be 
indicated  hydraulically,  or  by  water  in  motion,  and  already  prop- 
erly affected  by  the  shape  of  the  weir  edge,  etc. ;  in  other  words, 
let  it  be  indicated  by  piezometer  tubes  set  in  the  plane  of  water 
discharge,  as  has  been  done  in  a  preliminary  and  tentative  man- 
ner by  Inspector  General  Bazin,t  and  commended  by  him  for  future 
experiments. 

A  set  of  experiments  on  the  discharge  of  nozzles,  J  made  by  John 
R.  Freeman,  M.  Am.  Soc.  C.  E.,  is  of  similar  character,  and  there, 
again,  the  observations  were  made  on  the  hydraulic  data  of  the  case, 
not  on  its  hydrostatics.  All  coefficients  found  by  means  of  this  method 
of  observation,  whether  for  the  Venturi  meter,  by  water-pressure 
tubes  set  in  the  body  of  the  crest  of  a  weir,  or  as  in  the  case  of 
nozzle  discharge,  have  a  very  much  smaller  range  of  values,  that 
is,  are  very  many  less  in  number,  than  usually  found  at  the  pres- 
ent day,  when  the  hydrostatic  conditions  of  the  case  are  taken  into 
account. 

The  same  would  no  doubt  be  true  for  the  cases  of  any  and  all  forms 
of  discharge  through  orifices,  the  computation  of  which  is  now  nigh 
wholly  impracticable,  so  numerous  are  the  recorded  coefficients,  and 
so  stiU  more  numerous,  nevertheless,  are  the  jjeculiar  cases  coming^ 
up  for  computation. 

The  determination  of  the  new  coefficients  described  in  this  article  is, 
therefore,  much  to  be  desii-ed,  in  the  interests  of  an  advance  in  the 
pursuit  of  hydraulics  as  a  part  of  civil  engineering,  and  promises  to 
lead  to  many  new  discoveries. 

The  fact  is,  that  the  world  to-day  has  a  surplus  of  experiments 
recorded  in  it.  After  centuries  of  striving  after  the  attainment  of  ex- 
perimental knowledge,  and  for  the  introduction  of  the  experimental 

»  Engineering  Netos,  November  10th,  1898. 

t  Annates  des  Fonts  et  Chaussees,  2d  Trimestre,  1898. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxi,  p.  303;  Vol.  xxiv.,  p.  498. 
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method  in  study,  there  has  come  an  abuse  of  the  experimental  method  Mr.  Herschel . 
of  acquiring  knowledge.  Herbert  Spencer  has  said  somewhere  that : 
"The  value  of  an  experiment  depends  upon  the  skill  of  the  experi- 
menter," and,  he  might  have  added  also,  ujjon  his  general  and  execu- 
tive discernment  and  abilities.  Unless  a  stop  be  put  to  the  piling  up 
of  the  records  of  experiments  undertaken  without  correct  aim,  and 
■with  mistaken  zeal  in  wrong  directions,  the  facts  of  Nature  will 
soon  be  much  more  readily  arrived  at,  in  any  desired  direction,  by  seek- 
ing them  directly  from  Nature,  than  by  looking  for  them  in  tomes  of 
human  lore.  Indeed,  that  day  has  already  come  to  many  an  earnest 
seeker  for  objects  of  jDractical  worth;  for  many  an  engineer  seeking  to 
advance  his  art  for  the  use  and  convenience  of  man. 

To  resume: 

Engineers  are  the  votaries  of  an  art,  which  has  for  its  object  the 
furthering  of  things  and  methods  that  serve  for  the  use  and  convenience 
of  man. 

They  should  make  that  object  the  aim  of  the  direct  tendency  of 
their  work,  and  the  criterion  of  its  fitness  for  the  exercise  of  their 
energies.     There  is  ample  work  of  that  kind  waiting  to  be  taken  up. 

Any  diversion  from  it,  in  lines  of  purely  scientific  recreation,  or  of 
the  satisfying  of  curiosity,  belongs  in  the  domain  of  physicists,  and 
engineers  are  interlopers  in  it,  and  wasters  of  their  much-needed 
energies  in  their  own  particular  field. 

The  perfection  of  methods  for  the  gauging  of  streams  of  water  in 
pipes  and  channels  is  such  a  field  that  calls  for  the  labors  of  the  civil 
engineer. 

It  cannot  be  fui'thered  by  disquisitions  on,  or  experiments  on 
"curves  of  velocity"  in  such  streams  of  water,  and  such  curves  of 
velocity  do  not  exist  as  the  result  of  physical  laws. 

The  search  for  formulas  of  flow  of  water  in  channels,  to  be  eflfective, 
must  be  conducted  with  a  true  foreknowledge  of  the  nature  of  such 
flow,  and  too  much  care  cannot  be  taken  in  basing  such  a  search  and 
such  computations  on  premises  that  are  absolutely  unimpeachable. 

In  practical  hydraulics,  experiments  with  channels  of  geometrically 
perfect  form  yield  results  that  are  only  approximately  applicable  to 
the  more  or  less  irregular  channels  that  are  met  with  in  practice; 
and  experiments  made  with  irregular  channels  do  not  yield  results 
that  are  closely  applicable  to  channels  of  only  slightly  differing 
imperfections,  nor  to  the  development  of  general  laws. 

I.  P.  Church,  Assoc.  Am.  Soc.  C.  E.  (by  letter). — The  author  has  Mr.  Church, 
evidently  adopted  as  the  basis  of  treatment  the  "  laminar  hypothesis," 
or  assumption  of  flow  in  plane  layers  parallel  to  the  bed  (in  this  case 
of  uniform  motion  of  water  in  a  rectangular  channel  of  great  width), 
each  layer  moving  parallel  to  the  bed  with  a  constant  velocity,  v^  -f-  v; 
where  Vg  is  the  velocity  of  the  bottom  layer  (or  "filament  ")  and  v  the 
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Mr.  Church,  excess  of  the  velocity  of  any  layer  over  that  of  the  bottom  layer.  It  is 
well  known  that  this  hypothesis  gives  but  an  imperfect  representation 
of  the  reality,  but  it  has,  nevertheless,  been  adopted  by  many  writers  as 
a  convenient  rude  approximation  to  the  facts. 

It  is,  of  course,  a  rigorous  consequence  of  this  hypothesis,  by  the 
laws  of  mechanics,  that  the  layer  of  maximum  velocity  must  be  at  the 
surface  of  the  water  unless  there  is  an  up-stream  wind  {i.  e.,  up  stream 
relatively  to  the  surface  layer,  which  is  itself  in  motion) ;  also  that  the 
internal  fluid  pressure  is  constant  at  any  given  depth,  z  below  the  sur- 
face, so  that  the  end-pressures,  parallel  to  the  bed,  on  the  two  ends  of 
a  portion  of  a  layer,  of  length  I  and  width  unity,  are  equal,  leaving 
the  component  (parallel  to  the  bed)  of  the  weight  of  this  portion  to 
balance  the  (difference  between)  frictions  exerted  on  this  body  by  the 
adjacent  layers.  Since  the  motion  of  this  portion  of  a  layer  is  uniform 
and  rectilinear,  the  components  of  all  the  forces  acting  on  it  neutralize 
each  other,  taken  parallel  to  any  axis  whatever;  but  an  axis  parallel  to 
the  bed  is  most  convenient,  since  it  avoids  bringing  into  play  the 
pressures  normal  to  the  upper  and  lower  forces  of  the  body.  Other- 
wise, mathematical  elimination  would  be  necessary. 

As  regards  the  viscous  "friction  "  (or  shearing  action  due  to  inten- 
sity of  eddying)  between  contiguous  layers,  while  Navier  and  others 

consider  it   as  proportional  to  the  angular  velocity,    — ~ ,  or 

—z — ,  of  a  point  in  the  upper  surface  of  the  layer  with  respect  to  a 

point  just  underneath  in  the  lower  surface  of  the  same  layer,  the  author 

assumes  that  it  is  not  only  proportional  to  that  angular  velocity  but 

also  to  the  (excess)  velocity,  thus  following   the  line    indicated  by 

d  (v     I   ^\ 
Bazin,*  that  it  should  be  projjortional  to  A' — ^  "     — '-,   where   ^  is   a 

d  z 

quantity  dependent  on  the  velocity  [v^  -(-  t). 

Now,  it  is  to  be  noticed  that  what  the  author  calls  the  "  first- 
or  ordinary  method  "  when  applied  to  the  equilibrium  of  the  aggrega- 
tion of  layers  (of  width  unity,  and  length  I)  situated  between  the 
depth,  Z,  of  maximum  velocity  (where  the  friction  is  zero)  and  any 
other  depth,  z  (where  the  friction  is  not  zero)  (it  being  assumed,  for 
justification  of  the  use  of  the  laminar  hypothesis,  that  there  is  an  up- 
stream wind)  gives  rise  to  the  equation: 

—Fl-\-pgl{z  —  Z)  s  =  0 (32) 

in  which  .s  =  slope  and  ft  cf  =  weight  of  a  unit  of  volume  of  water,  while 
F  denotes  the  friction  per  unit  area  on  the  under  surface  of  the  aggre- 
gation of  layers  in  question,  i.  e. ,  at  a  depth,  z,  from  the  free  surface 
of  the  water.  This  is  the  same  as  the  initial  equation  of  the  author's 
treatment  (on  page  398)  and  is  identical  with  an  equation  established 
by  the  "ordinary  method,"  given  on  page  196  of  Flamant's  "  Hydrau- 

*  As  quoted  by  Collignon  in  his  "  Hydraulique,"  p.  307. 
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lique,"  second  edition,  1900.     Flamant  deals  with  Navier's  assumption  Mr.  Church, 
for  F,  while  Mr.  Tutton  assumes  F  of  the  form  already  indicated,  and 
proceeds  with  the  mathematical  treatment. 

It  is  also  to  be  noticed  that  Un  win's  treatment  of  the  same  problem* 
is  practically  identical  with  that  of  this  paper  (the  ordinary  method 
is  used  to  establish  a  result  for  a  single  layer,  which  by  integration  is 
extended  over  any  number  of  layers).  Unwin  uses  the  Navier  form 
for  viscosity,  and  at  first  places  the  maximum  velocity  below  the  sur- 
face, remarking  later  that  if  there  is  no  resistance  at  the  surface  the 
maximum  velocity  will  occur  at  the  surface  (that  is,  he  calls  attention 
to  this  rigorous  outcome  of  using  the  laminar  hypothesis). 

Since,  then,  the  only  difference  between  the  analysis  of  the  author 
and  that  of  the  writers  above  quoted  is  the  substitution  by  the  former 
of  a  special  viscosity  factor,  F,  in  place  of  the  Navier  form,  the  writer 
is  quite  unable  to  appreciate  the  alleged  imperfection  of  the  "  ordinary 
method."  In  presenting  what  he  calls  "the  other  method, "  the  author 
has  brought  out  the  familiar  fact  that  the  loss  of  head  in  the  case  of 
uniform  motion  in  an  open  channel,  between  any  two  points  of  a  given 
filament,  is  equal  to  the  vertical  distance,  I  sin.  a,  between  the  corre- 
sponding points  in  the  surface  of  the  stream;  that  is,  it  is  equal  to  the 
"  piezometric  fall,"  since,  for  uniform  motion  in  an  open  channel,  the 
surface  of  the  stream  plays  the  part  of  a  hydraulic  grade  line.  He  has 
also  brought  out  the  fact  that  the  uniform  motion  of  a  filament  or  layer 
in  the  present  problem  is  the  same  as  it  would  be  if  its  weight  had  no 
component  parallel  to  the  line  of  motion,  and  if  (in  addition)  the 
pressure  at  its  up-stream  end  i^arallel  to  the  bed  exceeded  that  at  the 
down-stream  end  by  an  amount,  p  g  I  sin.  a,  per  unit  of  end  area.  To 
such  a  statement  as  this  no  reader  woiald  take  exception,  and  probably 
this  is  all  that  is  meant  by  the  "Law  "  on  page  991;*  but  the  author's 
language,  taken  Hterally,  would  seem  to  indicate  that  in  his  opinion  there 
actually  is  more  pressure  at  the  up-stream  end  of  a  jiortion  of  a  fila- 
ment than  at  the  down-stream  end;  which  is  quite  at  variance  with  the 
laminar  hypothesis. 

While  the  ellii3se  as  the  vertical  velocity  curve  is  the  very  interest- 
ing outcome  of  the  special  viscosity  assumption  made  by  the  author,  the 
writer  can  see  no  reason  why  the  former  curve  does  not  stand  on  pre- 
cisely the  same  footing  as  the  parabola  (which  is  the  outcome  of  the 
Navier  assumption),  as  regards  any  explanation  of  the  fact  that  the 
maximum  velocity  is  not  at  the  surface  of  the  water  in  those  cases  where 
it  should  be  so  located  if  the  laminar  hypothesis  were  strictly  true. 
Such  a  case  is  presented,  for  example,  when  the  wind  is  down  stream 
and  has  a  velocity  equal  to  that  of  the  surface  layer;  under  which 
circumstances  it  seems  to  be  quite  generally  admitted  by  hydraulicians 
(Unwin,  Flamant,   Bazin,  Francis,  etc.,  etc.)  that  experiment  shows 

*  "  Encyc.  Brit.;"  article,  Hydromechanics,  page  496. 
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Mr.CJhurch.  the  maximum  velocity  (parallel  to  the  bed)  to  occur  below,  and  not  at 
the  surface.  The  conclusion  is  inevitable  that  a  satisfactory  explana- 
tion of  this  fact  must  involve  some  theory  of  internal  motion  dififering 
radically  from  the  laminar  hyi^othesis.  Attempts  at  such  an  explana- 
tion, based  on  the  action  of  eddies  thrown  up  from  the  bottom, 
vertical  currents,  etc.,  etc.,  have  ajsj^eared  in  the  images  of  the  Trans- 
actions of  this  Society;  for  instance,  see  the  paper  (referred  to  by  the 
author)  by  Mr.  Francis,  in  Vol.  VII,  page  109,  and  the  discussion 
following  it. 
Jlr.  Murphy.  E.  C.  MuEPflx,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer 
has  read  this  paper  with  much  interest.  He  has  under  way  a  study  of 
vertical  velocity  curves  of  streams,  from  the  experimental  standpoint, 
and  hoiked  that  the  author's  "Proposed  solution  of  some  hydraulic 
problems "  would  explain  satisfactorily  some  of  the  observed  phe- 
nomena at  variance  with  the  common  theory  of  laminar  flow.  In  this, 
however,  he  is  some"what  disajjpointed.  Some  of  the  author's  state- 
ments are  misleading,  and  the  simple  though  apjDroximate  theory  of 
laminar  flow  is  made  to  appear  quite  complex. 

The  writer  desires  to  call  into  question  more  particularly  the 
statement  on  page  393. 

"As  a  matter  of  observed  fact,  the  maximum  velocity  is  seldom  or 
never  found  there  (at  the  surface).  One  of  the  objects  of  this  paper  is 
to  prove  that  this  is  necessarily  so,"  etc. 

The  writer  fails  to  see  the  proof  of  this  statement.  Admitting  that 
the  vertical  velocity  curve  is  in  some  cases  an  ellipse,  it  does  not  follow 
that  its  minor  axis  is  below  the  surface.  The  vertical  velocity  curves 
obtained  by  the  writer  with  current  meters,  and  also  some  of  those 
obtained  by  other  experimenters,  show  that  the  maximum  velocity  in 
open  channels  is  often  at  the  surface. 

Fig.  6  shows  vertical  velocity  curves  obtained  by  the  writer  in  the 
Oswego  Kiver  at  Battle  Island,  N.  Y.  These  curves  are  obtained  from 
about  500  velocity  observations,  taken  August  7th,  27th  and  28th, 
1901,  with  a  small  Price  meter.  The  "point  method"  was  used,  the 
meter  being  held  at  points  from  \  ft.  to  2  ft.  apart,  from  ^  ft.  above 
the  bottom  to  1  ft.  below  the  surface. 

It  is  to  be  specially  noted  that  the  maximum  velocity  is  at  the 
surface  in  each  of  these  curves.  The  change  in  the  shape  of  the  curve 
as  the  dei^th  increases  should  also  be  noted. 

The  theoretical  shape  of  the  vertical  velocity  curve  depends  on  the 
viscosity  of  the  liquid,  or  the  friction  between  the  parallel  laminae. 
Fig.  8  shows  a  lamina  at  a  distance  z  below  the  surface,  /  is  its  length, 
dz  its  thickness,  h  its  breadth,  P  is  the  pressure  at  each  end,  w  the 
"weight  per  unit  of  volume,  F  the  friction  per  unit  area  on  the  upper 
surface,  and  F  -\-  d  F  the  friction  per  unit  area  on  the  lower  surface. 
The  force  producing  motion  is  the  weight  of  the  lamina  multiplied  by 
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Mr.  Murphy,  the  sine  of  the  surface  inclination.     (Whether  this  force  be  called  the 

component  of  gravity,  or  a  force  pioduced  by  gravity,  matters  not.) 

If  the  motion  of  the  lamina  is  uniform,  we  have 

w  b  I  sin.  adz  +  Fbl  —  b  1{F+  dF)  =0, 

or 

■w  sin.  adz  —  d  F  =  0 (1) 

d  V  , 

If  we  assume  F  =z  k  -—  {k  being  a  constant  called  the  coefficient  of 

viscosity),  Equation  (1)  becomes: 

cl"  V 
IV  sin.  a  d  2  -{-  k  —z—  =0 (2) 

Taking  the  anti-derivative  of  Equation  (2)  we  have: 

wz  +  Tc~^  +  e  =  Q (3) 

Taking  the  anti  derivative  of  Equation  (3),  we  have: 

w^^=^  r  +  k  F+  c2+c'  =  0 (4) 

Putting  2  =  0,  and  F=  V^  in  Equation  (4),  we  have: 
—  k  F^  =  c';  or  c'  =  —  k  V^. 

The  velocity  is  a  maximum  =  F,„  at  the  vertex  of  the  curve;  where 

^  =  0. 
d  z 

Hence,  from  Equation  (4)  we  have: 

d  V 

k  -~, 1-  w  sin.  ex  z  -{-  c  =0: 

d  z 

and  the  distance,  z',  from  the  surface  to  the  vertex  of  the  curve  is 

z'  ^ ^ (5) 

w  sin.  a  ^  ' 

Substituting  the  value  of  z'  in  Equation  (4),  and  simplifying,  we 
have: 

-^  -._  vo  sin.  a  r    ,         sin.  a  z'  "^       \c  sin.  a    , ., 

^"'-^'^ 2i^  +  "^i^  =  -2ir-^  (6) 

Subtracting  Equation  (4)  from  Equation  (6)  we  have: 

^  Tx       '^  sin.  a  ,  ,  o  o,  2  C2        w  sin.  or  ,  ,         ,., 

--^-^n^  ^' -  -  '-^  -  ^k-~Yk-^' -'^- (7) 

This  curve  is  a  parabola,  the  axis  of  which  is  parallel  to  the  water 

surface,   its  vertex  being  z'  from    the   surface.     The  parameter  is 

2  k 

'. .     If  D  is  the  depth,  when  z  =  D,  V  =  0;  and  Equation  (7) 

w  sm.  a  ^  -1.  \  I 

,  ■  ^         w  sin.  a ,  ,       _., ,         lo  sin.  a  V^ 

becomes  F„  =  —^j-  (z'  -  D)-,  or  -^^  =  ^_,^. 

Equation  (7)  can  now  be  written 
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If  the  viscous  resist- 
ance per  unit  of  area  is 
assumed  to  equal 

a  z 
as  the  author  has  done, 
the  result  is  Equations 
(2^)  to  (7^)  which  are  de- 
rived from  Equation  (1) 


Mr.  Mtirphy. 


Or-. 


Fio.8 


in  the  same  way  that  Equations  (2)  to  (7)  are  derived. 

w  sin.  adz  +  Tcd(v  —^\  ^0 (2^) 

(3') 


w  sin.  a  z  A-Tc  — , k  c,  =  0 

d  z  ^ 

w  sin. «  9   I    7    '"^   ,  ■     , 
^ —  z^  +  k  ^  +  c^z  +  c\=0. 


v,sm.a^, 


VJ 


v  = 


k 
ir  sin.  a 


(z'-zf. 


.(4') 

(5') 

.(6') 

.(7») 


From  Equation  (7^)  we  have 

V^     ,    w  sin.  a,  ,         .-?       , 

+    7.  TT  ^  i2'  —  z)-  =  l. 


,(9) 


F  2    '     k  V 
which  is  the  equation  of  an  ellipse  having  a  semi-minor  axi8=  F^  and  a 


semi-major  axis  ^ 


=^: 


When  z=.  D,  F  =  0;  hence,  ~^^'  " 


1 


k  F„ 


(2-  -  D) 


-,  and  Equation  (9) 


becomes 

Z! 

F 


+-(^^zr^=i;^^*i^^^^^^^=^'''"^J^-  (J^^)  • 


(10) 


dr 


It  can  easily  be  seen  that  by  substituting  for  F,  -j—  a^d  any  func- 
tion of  F,  the  equation  of  a  vertical  velocity  curve  is  obtained.     If 


we  make  F  —  k  V 


d  V 
dz 

3 

V  ' 


we  obtain 


V^  =  F 


'^   -'I (11) 

Now,  which  of  these  curves  is  the  true  one?  "Why  is  the  ellipse 
the  true  one?     They  are  all  obtained  on  the  basis  of  laminar  flow. 

For  the  vertical  of  the  Oswego  River  140  ft.  from  the  west  bank, 
shown  in  Fig.  6,  we  have  D  =  S  ft.,  z'  =  0,  V„  =  1.25  ft.  and 
F„  =.  1.79  ft. 
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Equation  (8)  becomes,  for  this  vertical,  T^  =  1.79  —  0.028  2^ (12) 

Equation  (10)  becomes  V^  =  1.79  -J  1  —  |r (1^) 

Equation  (11)  becomes  f/  =  2.39  (l  —    ^J (1*) 

Table  No.  3  gives  the  values  of  the  velocity  computed  from  Equa- 
tions (12)  to  (14)  for  each  fifth  of  the  depth;  also  the  corresponding 
values  of  V^,  the  observed  velocity. 

TABLE  No.  3. 


Depth,  in 

z 

Id 

Vp,  in  feet. 

Fg ,  in  feet. 

F^,  in  feet. 

V^,  in  feet. 

0 

1.79 
1.71 
1.50 
1.14 
0.64 
0.00 

1.79 
1.72 
1.54 
1.27 
0.81 
0.00 

1.79 
1.74 
3.60 
1.33 
0.91 
0.00 

1.79 

One-flfth 

1.75 

Two-fifths 

1.64 

Three-fifths 

1.43 

Four-flfths 

1.07 

Five-fifths 

0  00 

The  values  of  Ve,  Vp  and  V^  are  plotted  in  Fig.  7,  giving  the  curves 

ABE,  A  D  E  and  ACE,  respectively.     The  parabola  is  nearer  the 

observed  curve  than  the  ellipse  in  this  vertical,  and  F„  is  nearer  the 

observed  curve  than  the  parabola.     It  can  easily  be  seen  that  the  curve 

-  d  V 
obtained   from  F  =    V^  — —  will    more    nearly   coincide    with    the 

observed  curve  than  the  curve  F^. 

It  is  seen  from  Fig.  6  that  the  vertical  velocity  curves  at  160  ft.  and 
180  ft.  from  the  west  bank  resemble  closely  that  at  140  ft.,  and  that  the 
others  differ  from  this  one  more  and  more,  as  the  depth  decreases  and 
the  banks  are  approached.  Evidently,  the  shape  of  the  channel,  not 
only  in  the  immediate  vicinity  of  the  gauging  station,  but  for  a  con- 
siderable distance  above  and  below  it,  modify  the  shape  of  the  vertical 
velocity  curves. 

Ohabi.es  H.  Tutton,  M.  Am.  Soc.  C.  E.  (by  letter).— The  writer 
wishes  first  to  correct  an  error  of  statement  into  which  he  fell.  It  is 
stated  (page  394,  etc.)  that  the  pressure  in  the  end  of  any  fillet 
(implying  the  upper  end)  is  pgls.  This  should  have  been  p g s. 
Considering  a  filament,  the  end  pressures  upon  it,  due  to  exterior 
filaments,  balance,  as  stated  by  Professor  Church.  In  the  fiUet  itself, 
when  it  is  indefinitely  shortened,  p^r  s  may  be  considered  a  pressure 
applied  to,  as  well  as  a  component  of  weight  of,  the  resulting  mole- 
cule. At  the  lower  end  of  a  fillet,  of  length  /,  this  would  become 
pgls.     The  resulting  equations  are  not  altered  by  this. 
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It  may  be  stated  that  while  j^ressure  and  weight  are  convertible  Mr.  Tutton. 
terms,  the  writer  considers  weight  to  have  no  comi^onents  except  such 
as  are  vertical,  and  what  by  consent  are  called  components  of  weight 
are  in  reality  forces  developed  by  it,  which  can  only  be  defined  hj 
their  effects.  The  idea  of  the  paper  is  to  confine  attention  to  the 
fillet,  and  divest  the  argument  of  the  idea  of  weight  as  measured  from 
the  free  surface,  which  is  claimed  to  be  a  necessary  consequence  of 
the  laminar  theory,  involving  the  fact  that  the  resistance  at  the 
surface  must  be  zero. 

That  this  latter  assumj^tion  is  false  is  shown  by  the  fact  that  the 
maximum  velocity  is  below  the  surface,  even  under  the  action  of  a 
down-stream  wind.  This  has  been  shown  by  Boileau,  Humphreys 
and  Abbott,  Cunningham,  Ellis,  Bazin,  Price,  and  others.  It  follows, 
not  that  the  atmosphere  offers  no  resistance,  but  that  we  know  very 
little  of  its  character.  It  may  be  like  the  so-called  skin  of  the  water, 
and  be  very  great  as  compared  with  the  fluid  resistance  in  the  air 
immediately  above  it,  but  Nature  shows  that  it  exists.  For  this 
reason  it  hUs  been  assumed  as  a  liquid  resistance,  which  agrees  very 
well  with  experiment.  This  allows  an  axis  of  maximum  velocity 
below  the  surface,  the  depth  of  which  depends  on  the  relations 
between/ and  e.  In  the  illustrations  used  these  were  assumed  equal. 
As  a  matter  of  fact,  they  are  seldom  equal,  but  whatever  their  rela- 
tion, if  they  change  other  than  in  a  constant  ratio,  the  depth  of  axis 
will  change  with  them. 

Any  molecule  tends  to  sink  vertically  under  the  action  of  gravity, 
and  its  weight  consequently  develops  a  force  or  pressure  in  the  direc- 
tion of  flow  which  may  be  considered  as  applied  to  it.  All  forces, 
then,  necessary  to  overcome  the  resistances,  are  comprised  in  the 
molecule  itself,  and  if  its  motion  be  uniform  these  resistances  must 
be  equal  to  the  force  developed  in  the  direction  of  motion,  whatever 
that  direction  be.  As  a  logical  sequence,  in  any  river  flowing  with 
steady  (not  flood)  motion,  and  having  an  irregular  bed,  the  resistances 
in  each  section  would  be  measured  by  the  forces  as  above  mentioned 
developed  in  that  section,  whatever  the  inclination  of  the  bed.  This 
8  necessary  in  order  that  all  molecules  move  instead  of  lying  in 
istagnant  pools,  and  is  conceded  in  pipe  flow.  It  will  also  be  seen 
that  pressure  is  required  to  produce  this  effect. 

The  writer's  mode  of  expression  on  page  409  was  unfortunate. 
It  was  not  the  intention  to  assert  that  atmospheric  pressure,  as  dis- 
tinct from  gravity,  produced  motion,  but  to  remove  the  hydraulic 
grade  line,  so  that  such  grade  line  could  be  compared  with  that  of  a 
pipe,  exterior  to  the  liquid  in  the  jnije. 

To  further  justify  the  elliptical  velocity  curve,  the  exi^eriments  in 
Tables  Nos.  4  and  5  are  presented,  in  which,  however,  /  does  not 
equal  e.     No   effort  has   been  made  to  find  the  most  perfect  fitting 


424 


DISCDSSION"    ON    HYDRAULIC    PROBLEMS. 


Mr.  Tutton.  Curve,  but  it  is  suggested  that,  developed  on  the  laminar  theory,  they 
plainly  show  that  the  assumption  of  no  resistance  at  the  surface  is 
not  true,  and  that  forces  developed  by  weight  are  not  necessarily 
weight  itself. 

TABLE  No.   4. — VEKTiCAii  Velocity  Cukves  at  CAKKOiiLTON,  Miss., 
1883.    W.  G.  Price. 

See  Chief  of  Engineer's  Report,  1884,  page  2878. 
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D.  F.  Henry's  experiments  on  the  Niagara,  St.  Lawrence,  and  St. 
Clair,  are  also  referred  to.* 

Mr.  Herschel's  remarks,  however  appropriate  to  pipes,  are  scarcely 
applicable  to  rivers  where  current  meters  must  be  used,  Venturi  meters 
and  weirs  not  being  applicable.  E.  C.  Murphy,  Assoc.  M.  Am.  Soc. 
C.  E.,  in  his  paper  on  "  Current  Meter  and  Weir  Discharge  Compari- 
sons,"! shows  that  these  two  methods  of  measurement  agree  remark- 
ably well;  yet,  when  using  a  current  meter,  velocity  curves  must  be 
considered.  He  would  be  a  poor  engineer  who  could  not  use  his  instru- 
ments, and  it  is  considered  that  the  meaning  of  these  velocity  curves 
lies  as  much  in  the  province  of  the  engineer  as  in  that  of  the  physicist. 
Sewers  have  been  tested  in  Buffalo  by  using  a  mixture  of  fluorescein 
and  sodium  hydrate,  but  without  results  comparable  to  those  of  Mr. 
Benzenberg,  and  if  his  experiment  be  considered  conclusive,  IVIr. 
Herschel's  subsidiary  currents  would  appear  to  be  without  foun- 
dation. 


*  Journal,  Franklin  Inst.,  1871. 

+  Transactions,  Am.  Soc.  C.  E.,  Vol.  xlvii,  p.  370. 
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THE  WATER-WORKS   OF   GUANTANAMO,  CUBA.* 
By  S.  D.  RocKENBACH,  Assoc.  M.  Am.  Soc.  C.  E. 


The  town  of  Guantanamo  is  situated  15  miles  in  the  interior  from 
its  port  of  entry,  Caimanera,  with  which  it  is  connected  by  rail.  The 
bay  is  one  of  the  finest  in  Cuba.  It  was  used  as  a  base  by  the  United 
States  Navy  in  the  late  war  with  Spain,  and  probably  will  be  one  of 
the  naval  stations  to  be  selected  under  the  Piatt  amendment. 

The  country  surrounding  Guantanamo  is  one  of  the  largest  sugar- 
producing  sections,  while  the  hills  in  view  from  the  town  were  at  one 
time  dotted  with  the  houses  of  coffee  planters.  The  natural  condi- 
tions point  to  a  bright  future  for  Guantanamo  under  a  stable  govern- 
ment. Its  population  is  7  137.  The  population  within  the  limits  of 
the  municipality  (immediate  surrounding  country)  is  28  063. 

At  the  time  of  the  arrival  of  the  American  troops  the  town  obtained 
its  water  from  cisterns  and  from  the  Guaso  River  as  it  runs  past  the 
town.  The  river  emerges  from  a  cave  in  the  hills  about  10  miles  from 
the  town,  and  at  an  elevation  of  about  500  ft.  above  it.  The  water, 
from  the  cavern  to  the  i^lain,  is  clear  and  cool,  and  ample  to  supply 
the  town,  but  soon  after  reaching  the  plain  it  is  badly  polluted  by  the 
refuse  from  the  sugar  mills  on  its  banks.  The  question  of  suitable 
water  supply  early  occupied  the  attention  of  the  United  States  Military 
Government. 

*  Presented  at  the  meeting  of  November  6tb,  1901. 
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The  work  was  started  in  July,  1899,  under  the  verbal  orders  of 
General  Wood,  then  commanding  the  Department,  by  Lieut.  R.  L. 
Hamilton,  5th  U.  S.  Infantry,  Engineer  Officer;  A.  S.  Hobby,  Jr.,  Chief 
Engineer,  and  J.  D.  Wilkes,  Constructing  Engineer.  The  plans  were 
completed  and  an  estimate  for  the  work  made  on  February  28th,  1900. 
This  estimate  amounted  to  ^115  822.39.  It  contemplated  a  small 
masonry  diversion  dam  situated  in  the  narrow  gorge  of  the  Guaso, 
42  600  ft.  from  the  town,  at  an  elevation  of  250  ft.  above  it,  and  about 
2  miles  from  the  cavern,  from  which  the  river  flows  in  a  canon,  so  that 
it  is  entirely  free  from  contamination;  a  small  settling  basin  at  the 
mouth  of  the  gorge;  a  10-in.  pipe  line  to  the  town,  and  a  distributing 
reservoir  on  the  edge  of  the  town.  On  February  10th,  1900,  Mr.  C.  A. 
Knowlton  succeeded  Mr.  Wilkes  as  Resident  Engineer  of  the  work, 
and  the  writer  succeeded  Lieut.  Hamilton  as  Engineer  Officer  on  July 
16th,  1900.  The  expenditure  to  July  Ist,  1900,  amounted  to  §111  447. 18, 
distributed  as  follows: 

Material 856  772.74 

Duty 2  299.84 

Labor,  including  freight  and  hauling. ... 52  374.60 

Total §111  447.18 

For  this  expenditure  the  following  work  was  done: 
(a)  The  excavation  for  the  dam  foundation  was  completed. 
(ft)  Below    the  dam,  700  lin.  ft.   of  bench  for  the  pipe  line   was 
blasted  out  and  70  lin.  ft.  of  tunnel  was  driven,   all  through  lime- 
stone. 

(c)  Between  Stations  85  and  90,  500  lin.  ft.  of  bench  for  the  pipe  line 
was  blasted  out. 

(d)  The  main  pipe  line  was  laid,  with  the  exception  of  930  ft. 

(e)  Four  river  crossings  (Nos.  1,  2,  3  and  5)  were  laid. 

(/)  The  pipe  line  had  been  covered  to  a  depth  of  6  ins.  for  one- half 
its  length;  the  remainder  was  fully  back-filled. 

A  project  of  the  size  of  the  Guantanamo  work  required  the  most 
careful  reconnaissance  and  investigation.  The  uncertainty  of  the 
status  of  the  Island,  and  a  Military  control,  did  not  allow  the  necessary 
preliminary  work  on  which  to  base  an  accurate  estimate.  Machinery, 
tools  and  labor  to  make  necessary  borings  .for  the  investigation  of  the 
dam  site  were  not  obtainable  at  the  time.     The  original  plans  con- 
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templated  a  small  diversion  dam  at  about  500  ft.  from  tlie  mouth  of  the 
gorge.  At  that  point  the  gorge  is  about  18  ft.  in  width,  and  the  walls 
are  best  adapted  for  keying  in  the  dam.  To  secure  a  solid  foundation 
for  the  dam  involved  going  to  a  depth  of  21  ft.  at  one  place.  As  the 
work  developed,  the  gorge  was  found  to  be  full  of  fissures,  and  very 
rotten,  so  that  the  plans  under  which  the  writer  found  the  dam  being 
built  required  the  following : 

Dam  at  Las  Ninfas. — The  dam  at  Las  Ninfas  is  located  at  a  point 
about  830  ft.  up  stream  from  where  the  gorge  debouches  into  the  valley, 
at  an  elevation  of  200  ft.  above  the  Barracks'  Hill  at  Guantanamo,  and 
8.6  miles  therefrom. 

The  foundation  of  the  dam  is  21  ft.  below  low  water.  From  the 
foundation  to  the  parapet  crest  the  height  is  32 J  ft.,  and  the  crest 
length  from  clifif  to  cliff  is  50  ft. 

In  design  it  is  ogee-faced,  the  curve  being  a  reversed  parabola 
calculated  for  a  head  of  4  ft.  The  section  adopted  was  the  fifth  one 
designed,  and  was  the  third  one  submitted  by  Mr.  Knowlton  to  the 
Chief  Engineer. 

The  length  of  the  low-water  spillway  is  28  ft.  and  its  depth  IJ  ft. 
from  the  extreme  crest  of  the  parapet.  With  a  depth  of  more  than  1^ 
ft.  of  water  jjassing,  the  length  of  the  spillway  is  37^  ft. 

Near  the  reversing  point  of  the  ogee,  and  above  the  deepest  part 
of  the  stream  bottom,  the  dam  is  pierced  by  a  30-in.  circular  waste 
sluice,  closed  with  an  iron  gate-valve  built  in  concrete  against  the 
back  face. 

On  the  west  end  of  the  dam  is  built  a  concrete  pier  rising  10  ft. 
above  the  parapet  and  projecting  2  ft.  beyond  the  back  face.  From 
the  top  of  this  pier  the  valve  of  the  intake  is  controlled  by  a  direct 
rod  to  the  hand-wheel  above,  and  the  sluice-valve  is  operated  from 
the  same  point  by  shafts  with  bevel  gears.  This  pier  occupies  a  niche 
in  the  face  of  the  cliff,  so  that  there  is  little  danger  that  it  will  prove 
to  be  an  obstruction  to  debris. 

The  original  plans  for  the  control  of  the  gate  contemplated  a  shaft, 
5  ft.  in  diameter  and  22  ft.  deep,  through  the  east  bluff.  This  bluff 
was  found  to  be  so  rotten  that  a  shaft  could  not  be  sunk  without 
lining  it,  and  the  writer  was  opposed  to  the  long  rods  and  double  set  of 
bevel  gearing  which  would  have  been  required  to  control  the  sluice 
and  the  intake  gate. 
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At  the  east  end  of  the  dam,  under  a  iDi'ojecting  ledge  of  rock,  is  a 
pier  8  ft.  in  height  and  flush  with  the  cliflf  face  down  stream. 

The  dam  is  built  of  hard  limestone,  quarry-faced  on  the  back,  fine- 
pointed  on  the  front  and  crandalled  on  the  coping  and  the  upper  half 
of  the  spillway  face.  Vulcanite  Portland  cement  was  used  through- 
out. A  finely  triturated  gravel  was  used  instead  of  sand  in  the  lower 
jjortion  of  the  dam  and  for  concrete;  on  the  upper  portion  a  coral 
sand  was  used. 

Tjiere  were  seventeen  streams  flowing  from  the  rock  within  the 
limits  of  the  foundation;  these  wei'e  either  capped  or  led  in  jiipes  to 
discharge  beyond  the  dam.  At  each  abutment  there  were  two  large 
seams  between  the  strata,  j^artially  filled  with  clay,  nearly  horizontal, 
and  5  ft.  apart.  Tunnels  were  driven  18  and  24  ft.  into  the  clifi's  and 
cutting  the  seams,  and  the  tunnels  were  then  filled  with  rubble 
masonry  in  cement.  Fig.  1  is  an  elevation  and  Fig.  2  a  cross-section 
of  the  dam.  Down-stream  and  up-stream  views  of  the  dam  are  shown 
in  Figs.  1  and  2,  Plate  XII. 

The  12-in.  intake  passes  through  the  dam  near  the  west  abutment, 
4  ft.  below  the  level  of  the  spillway,  and  the  pipe,  in  a  heavy  jacket 
of  concrete,  is  laid  on  a  bench  blasted  from  the  cliflf,  and  through  a 
tunnel  70  ft.  in  length  which  pierces  a  projecting  spur  (Fig.  1,  Plate 
XIII).  Below  the  tunnel  the  pipe  lies  in  a  rock  trench  blasted  in  the 
bench,  and  is  covered  with  broken  stone.  This  portion  of  the  pipe 
rests  on  concrete  saddles,  1  ft.  square  in  plan,  biiilt  under  each  bell. 

The  cost  of  the  dam  for  the  year  ending  June  30th,  1901,  was 
815  655.30,  which  is  the  total  cost  except  for  the  foundation  excava- 
tion and  for  materials  used  in  the  temporary  work. 

Sand  Box  or  Settling  Basin. — The  sand  box  or  settling  basin  is 
located  on  the  river  bank  above  the  reach  of  freshets,  and  about  830 
ft.  down  stream  from  the  dam.  It  is  a  rectangular  concrete  structure, 
10  X  29  ft.  in  plan  inside  and  about  10  ft.  deep,  with  three  division 
walls  of  concrete  6  ins.  in  thickness  (Fig.  2,  Plate  XIII).  The  water 
enters  at  the  floor  level  of  the  north  end,  passes  over  the  first  parti- 
tion, under  the  second,  over  the  third,  and  is  discharged  through  a 
bellmouth  pijse  about  6  ft.  above  the  bottom. 

Sliding  doors  are  fitted  in  each  j^artition,  and  the  floor  slopes  from 
the  sides  to  the  center  line,  and  to  the  supply  pipe  which  can  be  used 
to  blow  out  the  deposit  in  the  basin  by  the  operation  of  two  12-in. 
valves  30  ft.  up  stream. 
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Fig.  1.— Las  Xinfas  Dam:  Lookixg  Dow.v  Stream,  and  Showing  the  CossTRrcTioN  Dam. 


Fig.  2.— Las  Nisfas  Dam:  Looking  L'p  Stream. 
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The  supply  pipe  is  fitted  with  a  sliding  automatic  cut-off  gate,  and 
a  6-in.  overflow  pipe  is  also  provided. 

At  the  top  are  transverse  beams  of  railroad  steel  which  carry  the 

flat  covering  of  2-in.  pine  plank,  through  which  pass  the  rods  for 

operating  the  flush-gates  in  the  partitions.     The  foundation  is  on  rock. 

The  total  cost  of  the  sand  box  (all  for  the  fiscal  year  ending  June 

30th,  1901)  was  ^2  874.71. 

Bloio-Off  Valve  Houses. — Eight  blow-off  valve  houses  are  located  on 
the  pipe  line,  one  at  every  low  point  and  river  crossing.     These  are  of 
concrete  construction  throughout.     They  are  7  ft.  square,   and   the 
walls  are  7  ft.  above  ground,  with  a  plain  4-in.  cornice  and  a  pyramidal 
roof.     The  walls  are  6  ins.  in  thickness,  and  in  each  wall  thei-e  are  two 
panels  2  ins.   deep,  making  the  thickness  of  the  panels  4  ins.     The 
concrete  roof  is  6  ins.  thick,  and  a  bar  of  1-in.   square  iron  is  built 
into  the  top  of  the  wall  all  around.     The  only  openings  are  a  drain 
of  1-in.  pipe,  and  the  door,  which  is  of  ^-in.  iron  plate  with  wrought- 
iron  hinges,  and  is  fastened  with  a  brass  padlock. 
The  total  cost  of  eight  valve  houses  was  S3  963. 18. 
Air-Vcdve  Boxes. — There  are  seven  air-relief  valves  at  the  summits 
on  the  pipe  line.     Each  valve  is  placed  above  the  ground  and  con- 
nected with  the  main  by  a  2-in.  wrought-iron  pipe.     It  is  protected 
by  a  rectangular  concrete  box  covered  with  a  sloping  lid  of  J-in.  iron 
plate  which  is  hinged  at  the  upper  edge,  and  lifts  like  the  lid  of  a 
trunk.     They  are  fastened  with  brass  padlocks.     All  padlocks  used 
on  the  valve  boxes  and  on  the  blow-off  houses  are  similar,  and  open 
with  one  key.     The  principal  expense  in  constructing  the  boxes  was 
for  the  iron-Avork,  which  cost  S35.18  each. 

The  total  cost  of  seven  air- valve  boxes  was  ^354. 76. 
Keeper's  House  at  Las  Ninfas. — The  house  for  the  gate-keeper  at 
Las  Ninfas  is  25  x  30  ft.  in  plan,  divided  into  four  rooms.  One  of 
these  is  ceiled  with  dressed  yellow  pine,  and  is  for  the  use  of  visiting 
inspectors.  The  other  rooms  are  not  ceiled,  but  all  floors  inside  are 
of  tongued  and  grooved  yellow  pine.  The  walls  are  of  vertical  spruce 
plank,  battened ;  the  roof  is  full  sheathed  with  1-in.  plank,  and  covered 
with  galvanized  iron.  A  covered  corridor  or  veranda  8  ft.  wide  on 
the  front,  and  6  ft.  wide  on  the  other  three  sides,  extends  entirely 
around  the  house.  The  veranda  floor  is  of  2-in.  pine;  its  roof  is  sup- 
ported on  4  X  4-in.  posts  with  a  light  railing  between  them.     A  ven- 
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tilator  at  the  apex  of  the  pyramidal  roof  and  a  4-in.  opening  at  the 
top  of  the  outer  walls  under  the  veranda  roof  give  good  ventilation. 
The  foundations  are  of  short  pieces  of  12-in.  cast-iron  pipe  filled  with 
conerete. 

The  total  cost  of  the  house  was  8956.25. 

Guantanamo  Distribution  Pipes. — Trenches  for  the  distribution 
pipes  in  Guantanamo  were  opened  on  February  2Cth,  1901,  and  the 
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work  was  completed  on  May  15th,  1901.     There  were  laid  7.6  miles  of 
pipe,  as  follows: 

4-in.  pipe 16  419  lin.  ft. 

6-in.  pipe 10  038  Hn.  ft. 

8-in.  pipe 8  398  lin.  ft. 

10-in.  inpe 4  638  lin.  ft. 

14-in.  pipe 625  lin.  ft. 
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Fig.  1.— Pipe  Line  axd  Tussel:  GrANTANAMO  Water-Works. 


Fig.  2.— Settling  Basin:  Guantanamo  Water- Works. 
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Thirty-six  fire  hydrants  were  put  in. 

The  cost  was  as  follows : 

Total  cost  of  materials S34  725.20 

Excavation  and  back-filling 10  126.41 

Pay  rolls  to  May  31st 10  096.02 

Total S54  947.63 

In  February,  to  avert  a  threatened  epidemic,  due  to  the  dry  season 
and  the  pollution  of  the  stream,  a  2-in.  overhead  hydrant  was  put  in, 
and  carts  which  formerly  obtained  water  from  the  river  to  supply  the 
town  were  allowed  to  get  water  free  of  charge.  As  soon  as  the  mains 
were  put  in,  house  owners  were  allowed  to  make  connections,  under 
the  supervision  of  the  Resident  Engineer  and  in  accordance  with 
the  regulations  of  the  Department:  A  f-iu.  connection,  with  an 
18-in.  goose-neck  and  a  cock  at  the  main,  and  f-in.  galvanized-iron 
pipe  with  service  box  and  curb-cock.  To  include  June  30th,  1901, 
368  houses  had  made  connections,  and  it  can  safely  be  said  that  the 
entire  town  has  been  furnished  with  water  for  the  past  four  months.  A 
scheme  for  control  and  taxation  is  being  drawn  up  and  will  be  submitted 
as  soon  as  possible. 

The  total  cost  of  the  work  was 8206  304.98 

Of  this,  the  duty  amounted  to 7  090.81 

The  quantity  of  water  supplied  in  24  hours  is  95.5  1.52  galls.,  or 
133.8  galls,  per  capita. 

The  ideal  plans  on  which  this  work  was  projected  made  the  diffi- 
culties almost  insurmountable.  A  cut-stone  parabolic  dam,  built  by 
native  labor  in  Cuba  at  this  date,  means  that  the  engineer  had  to  lay 
out  all  forms,  and  watch  the  cutting  and  placing  of  each  stone.  Had 
he  not  been  a  stone  mason,  carpenter  and  plumber,  as  well  as  engi- 
neer, the  work  could  not  have  been  done.  The  works  give  not  only 
a  plentiful  supply  of  water  to  Guantanamo,  but  have  been  a  good 
mechanical  school.  Common  laborers  have  become  stone  masons,  car- 
penters, blacksmiths  and  plumbers,  rising  from  81  to  84  per  day  of 
ten  hours,  and  have  gone  to  sugar  estates  and  towns  where  they  com- 
mand that  wage.  Two  men,  trained  on  the  work,  have  opened  a 
plumber's  shop  in  Guantanamo. 

Freight  was  excessive  when  the  work  was  commenced,  but  owing 
to  oompetition  it  was  much  reduced.     For  the  pipe  in  the  main  line 
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the  freight  from  New  York  to  the  dock  at  Caimanera  cost  S7.50  per 
ton.  A  year  later  the  freight  on  the  pipe  for  the  distribution  system 
was  $5  per  ton. 

This  work,  from  February  10th,  1900,  was  under  the  dii-ect  charge 
of  INIi'.  C.  A.  Knowlton,  as  Resident  Engineer,  and  great  credit  is  due 
to  him  for  the  ability  and  energy  he  displayed  in  pushing  it  to  its 
present  state  of  completion. 

A  stand-pipe  is  needed  to  give  a  reserve  supj)ly  and  equalize  the 
pressure  in  the  town,  and  this  and  the  extension  of  the  pipe  line  to 
Caimanera  will  be  taken  up  later. 

This  work,  in  its  design,  presents  little  that  is  peculiar  or  original, 
but  in  the  execution  there  is  much  to  be  considered  by  those  without 
experience  in  the  Santiago  Province  of  Cuba. 

Labor  costs  10  cents  per  hour,  double  the  cost  in  Porto  Rico,  and 
the  work  jDcrformed  may  be  estimated  as  worth  3^  cents  in  the 
United  States.  As  far  as  possible,  work  should  be  paid  for  by  the 
piece  or  task.  Time  is  worth  nothing  in  Cuba,  and  contractors  will 
find  that  the  time  allowed  for  a  project  requires  more  careful  consid- 
eration than  any  other  item. 

Transportation,  except  on  the  rail  and  the  few  metalled  roads,  is 
practically  impossible  from  June  15th  to  November  15th. 

The  main  requisite  of  a  constructing  engineer  in  Cuba  is  sobriety 
and  nerve,  as  new  and  unexpected  difficulties,  due  to  climate,  native 
labor,  and  distance  from  market,  will  arise.  It  is  absolutely  neces- 
sary that  he  should  have  a  workman's  knowledge  of  all  the  details  of  his 
work.  A  nervous,  excitable  man  swearing  at  the  top  of  his  voice  will 
stop  the  work  of  every  Cuban  in  hearing. 

All  things  considered,  concrete  is  the  most  economical  con- 
struction in  Cuba.  The  absence  of  frost,  and  a  generally  uniform 
temperature,  allows  a  great  variety  of  uses,  and  its  strength  is 
very  great.  A  concrete  construction  dam  2  ft.  thick,  15  ft.  high  and 
24  ft.  long  successfully  withstood  10  ft.  of  water  flowing  over  its 
crest. 

Duty  and  freight  ran  all  imported  material  up  S0%,  and  labor  pro- 
portionately high,  so  that,  taking  the  total  cost  of  the  work,  ^206  304.98, 
its  cost  in  average  cities  in  the  United  States  should  not  have  exceeded 
S140  000. 
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SOME  IMPORTANT  PHASES  OF  CANAL  NAVL 

GATION,  ILLUSTRATED  BY  RECENT 

EXPERIMENTS  IN  GERMANY.* 

By   Elnathan    Sweet,    M.   Am.   Soc.   C.   E. 


Some  months  ago  the  writer  had  occasion  to  investigate  the  sub- 
ject of  the  resistance  to  be  overcome  in  navigating  the  projjosed  1  000- 
ton  barge  canal,  then  under  consideration  by  the  canal  authorities  of 
New  York  State,  and  in  these  studies  he  availed  himself  of  the  recent 
very  extensive  experiments  and  researches  by  M.  Fernand  DeMas,  in 
France,  and  by  Herr  K.  Haack,  in  Germany.  The  results  of  this  in- 
vestigation are  published  in  the  recent  report  to  the  Governor,  by  the 
State  Engineer,  on  "  The  Barge  Canal." 

In  that  investigation  attention  was  directed  almost  exclusively  to 
the  question  of  resistance.  The  experiments  of  Herr  Haack,  however, 
illuminate  other  very  important  phases  of  canal  navigation,  and  this 
brief  monograph  will  be  devoted  to  the  consideration  of  the  contri- 
bution they  make  to  our  knowledge  of  the  negative  velocities  pro- 
duced in  canal  navigation,  and  the  limiting  rate  of  dirigible  speed 
therein.  To  make  this  article  clearly  intelligible  it  will  be  necessary 
to  indulge  in  a  repetition  of  portions  of  the  writer's  contribution  to 
"  The  Barge  Canal  "  report,  above  mentioned. 

*  Presented  at  the  meeting  of  January  8th,  1902. 
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Herr  Haack's  description  and  illustration  of  his  experiments,  enti- 
tled "Schiflfswiederstand  und  Schififsbetrieb,"  were  published  by  A. 
Asher  and  Company,  Berlin,  1900.  His  exjDeriments  were  very  nu- 
merous, and  appear  to  have  been  made  with  characteristic  German 
thoroughness  and  accuracy.  They  were  made  near  Lingen,  upon  a 
stretch  of  the  Dortmund-Ems  Canal,  having  the  usual  trapezoidal  sec- 
tion, with  a  mean  area  of  600  sq.  ft.  and  a  mean  center  depth  of  about 
8^  ft. 

The  boats  used  in  the  experiments  consisted  of  a  tug,  the  Goed- 
liardt,  and  three  steel  barges,  the  Embden,  the  Dortmund  and  the 
Lloydkahn. 

The  Goedhardt  was  68  ft.  long,  16.4  ft.  beam,  5  ft.  draft,  with  3  175 
cu.  ft.,  or  90  tons  displacement;  its  coefficient  of  di&ijlacement  being 
0.587.  It  was  supplied  with  a  comjjound,  condensing  engine  of  206 
I.  H.-P.  and  a  marine  boiler  working  under  a  pressure  of  8  atmo- 
spheres. 

The  Embden  and  Dortmund  were  new  steel  barges,  precisely  alike, 
except  that  the  Dortmund  was  supplied  with  a  marine  boiler  and  a  non- 
condensing,  compound  engine  of  60  I.  H.-P.  The  dimensions  of  the 
Dortmund  and  the  Embden  were  as  follows:  Length,  215  ft.;  beam,  26.9 
ft.;  area  of  midship  section  at  6.6  ft.  draft,  173.6  sq.  ft.;  displacement 
at  6.6  ft.  draft,  33  313  cu.  ft.,  or  1  041  tons;  coefficient  of  displacement 
at  6.6  ft.  draft,  0.887. 

The  third  barge,  the  Lloydkahn,  was  also  a  steel  boat,  somewhat 
similar  to  the  Dortmund  and  Embden,  180  ft.  long;  26.3  ft.  beam;  area 
of  midship  section  at  6  6  ft.  draft;  167.68  sq.  ft.;  displacement  at  6.6 
ft.  draft,  740  tons;  coefficient  of  displacement,  0.762.  These  experi- 
ments had  for  their  object,  not  only  the  determination,  by  accurate 
measurements,  of  the  actual  resistance  in  this  canal  at  varying  veloc- 
ities and  ratios  of  prism  to  boat  section,  but  the  determination,  by 
accurate  instrumental  work,  of  the  jirecise  condition  of  the  prism  of 
water  in  a  canal  while  a  vessel  was  being  forced  through  it,  on  the 
theory  that  the  relative  conditions  of  this  prism  of  water  at  rest  and 
while  a  boat  was  moving  m  it  should  afford  a  measure  for  determining 
the  entire  resistance  of  the  boat  navigating  it. 

The  results  of  these  experiments  seem  to  be  in  agreement  with  this 
hypothesis. 

This  theory,  advanced  by  Haack,  briefly  stated,  is  as  follows: 
When  a  vessel  moves  in  a  canal,  unlike  a  vessel  moving  in  open  water 
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where  the  water  moves  freely  from  all  directions  to  fill  the  void  behind 
it,  the  water  can  only  reach  this  void  by  moving  back  through  the 
narrow  spaces  between  the  boat  and  the  bottom  and  sides  of  the  canal. 

Immediately  in  front  of  the  wave  made  by  the  boat's  prow  the 
water  is  absolutely  at  rest,  while  behind  the  prow  wave,  the  whole 
length  of  the  boat,  and  for  some  distance  behind  it,  the  water  sinks, 
below  its  position  before  being  disturbed,  with  a  back  flow  seeking  to 
restore  the  normal  condition  behind  the  boat.  The  extent  of  this 
sinking  of  the  water  surface  and  of  the  velocity  of  this  negative  cur- 
rent depend  on:  The  rate  of  the  boat's  motion,  its  model,  the  friction 
of  its  immersed  surface,  the  friction  of  the  canal  bed,  and  of  the 
water  particles  on  one  another. 

In  other  words,  the  amount  of  this  sinking  of  the  water  surface 
and  the  extent  of  the  negative  velocity  are  functions  of  the  boat's 
total  resistance. 

The  following  is  the  analytic  reasoning: 

Let  Q  =  the  wet  cross-section  of  the  canal; 
D  =  the  displacement  of  the  boat; 
L  =  the  length  of  the  boat  on  the  waterline; 

V  =  velocity  of  the  boat; 

V  =  the  mean  negative  velocity,  or  back  flow; 

5  ^  -^  =  the  mean  cross-section  of  the  boat; 
R  =  the  resistance  of  the  boat; 
w  =  the  weight  of  a  cubic  unit  of  water; 
and  A  ^  =  t^^  cross-section  between  the  sunken  surface,  due  to 

the  boat's  motion,  and  the  normal  water  surface. 
Then,  Q  —  ^  Q  —  q  represents  the  cross-section  remaining  be- 
tween the  boat  and  the  bed  of  the  canal,  through  which  the  displaced 
water  must  pass.  Now,  the  volume  of  water  displaced  in  a  unit  of 
time  by  a  boat  moving  at  a  velocity,  F,  is  V  (^  Q  -^  q),  and  equals 
the  volume  flowing  at  the  negative  velocity,  v,  in  the  section 
(Q  —  A  Q  —  Q)>  therefore  the  mean  negative  velocitv  is 

Now,  the  weight  of  the  voluipe  of  water  moved  isw  {Q  —  A  $  —  Q)  L> 
and  the  work  required  for  moving  this  weight,  with  the  velocity,  v,  is 
C  w  {Q  —  A  §  —  7)  L  V,  and  as,  with  uniform  motion,  this  equals 
the  resistance  of  the  boat  multiplied  by  the  velocity,  we  have 

R  F=  Cw{q  —  ^  Q  —  q)  Lv (U) 
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in  which  C  is  a  cofficient  determined  by  experiment.  As  the  resist- 
ance does  not  vary  directly  as  the  change  of  velocity,  this  coefficient 
is  necessarily  a  variable.  If  we  substitute  in  this  equation  the  value 
of  V  shown  in  Equation  (Ij, 

V  —  ^  L    — ,  we  have 

Q-AQ—q 

R^Cw{A,Q-{-q)L (in) 

Combining  Equations  (II)  and  (III)  we  get 

AS!-  ^_^Y 

Substituting  this  value  of  ^  ^  in  Equation  (III)  we  have 

or,  R=C  w  -jj—  QL (IV) 

y  -{-  V 

Expressions  for  the  values  of  the  coefficient,  C,  are  readily  derived 

from  Equations  (H),  (HI)  and  (IV). 

R  V 

As  from  Equation  (II) (7  = t^^ r — j^ rr 

R 

Since  a  L  =  D,  as  from  Equation  (III) C  =  — r- — ^^r—f — ; — t\\ 

As  from  Equation  (IV) C  =       '      J',-' 

w  V   (^  L 

These  formulas  furnish  the  means  for  determining  R  for  a  given 

value  of  V,  when  C  has  been  determined  for  a  like  value  of  v,  for  a 

v^sel   of   similar   model,    in   a   similar    prism,   with    identical   value 

of«. 

q 

An  important  and  interesting  result  of  these  experiments  is  their 
demonstration  of  the  serious  error  in  the  ordinary  assumption  that 
the  velocity  of  the  negative  current  or  back  flow  induced  by  the 
motion  of  a   boat  in  a  narrow  channel  is  measured  by  the  formula 

V  =  — V;  where  r  is  the  velocity  sought,  V  the  velocity  of  the 

boat,  and  A  and  n  the  areas  of  the  cross-section  of  the  canal  and  mid- 
ship section  of  the  boat,  respectively.  This  is  illustrated  by  the  dis- 
gram,  Fig.  1. 

Let  the  full  lines  of  the  diagram  represent  the  prism  of  the  canal, 
its  normal  water  surface,  and  the  midship  section  of  a  boat;  and  let 
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the  dotted  lines  represent  the  surface  of  the  water  as  depressed  by 
the  motion  of  the  boat,  and  the  mean  section  of  the  boat.  Then  the 
space  between  the  dotted  lines  and  the  full  line  representing  the  normal 
water  surface  is  the  mean  section  of  water  displaced,  and  the  space 
between  this  dotted  and  the  full  lines  representing  the  canal  bed  is  the 
section  through  which  the  displaced  water  must  pass;  and  they  show, 
for  any  considerable  speed  of  the  boat,  so  much  larger  negative  velocity 
of  the  displaced  water  than  that  derived  from  the  old  formula  as  to 
prove  the  latter  to  be  not  even  approximately  correct  for  ordinary  ratios 
of  canal  section  to  boat  section. 
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Fig.  1. 

Negative  Velocities. — The  experiments  most  pertinent  to  the  discus- 
sion of  this  subject  consist  of  the  following: 

Ten  trial  trips  of  the  Goedhardt,  under  steam,  with  varying  velocities 
and  constant  draft,  in  which  r,  the  ratio, 

Wet  section  of  canal  _  o  pn 

Immersed  mid-section  of  boat 
Forty-seven  trial  trips  of  the  Dortmund,  under  her  own  steam, with 
varying  velocities  and  depths  of  draft,  as  follows : 

Depth  of  draft, 
in  meters.  _  Ratio,  r. 

1.50 4.76 

1.75 4.15 

2.00 3.63 

2.25 3.22 

Seventy  trial  trij^s  of  the  Emhden,  towed  by  the  Goedhardt,  at  vary- 
ing velocities  and  depths  of  draft,  as  mentioned  above  for  the  twin 
boat  Dortmund,  and  identical  values  of  r. 

Also,  fifteen  trial  trips  of  the  Lloydkahn,  towed  b\"  the  Goedhardt, 
with  varying  velocities  and  depths  of  draft,  as  follows: 

Depth  of  draft, 
in  meters.  Ratio,  r. 

1.75 4.30 

2.00 3.75 

2.25 3.30 
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The  values  of  the  negative  velocities,  as  well  as  all  the  other  data 
determined  by  these  experiments,  were  tabulated  and  published  by 
Haack,  and  from  these  tables  the  writer  has  plotted  the  curves  of 
negative  velocity  shown  in  Fig.  2,  and  has  shown  in  Fig.  3  the  curves 
of  resistance,  expressed  in  units  of  indicated  horse-power,  for  the  same 
groups  of  experiments  as  published  by  Haack. 

The  abscissas  in  Figs.  2  and  3  show  the  speed  of  the  boats,  in  meters 
per  second,  and  in  miles  per  hour.  The  ordinates  in  Fig.  2  represent 
the  negative  velocities,  in  meters  per  second  and  in  feet  per  second. 
In  Fig.  3  the  ordinates  represent  units  of  indicated  horse-power. 

It  should  be  noted  that  the  number  of  trial  trips  for  different  values 
of  r  differed  considerably  in  these  experiments,  giving  greater  weight 
to  some  of  the  curves  than  to  others,  and  that  for  small  values  of  r 
the  speeds  attained  in  the  experiments  were  so  low  as  to  leave  a  con- 
siderable fraction  of  their  curves  of  negative  velocity  and  resistance 
conjectural,  but  these  portions  are  probably  not  flatter  than  shown  in 
the  diagrams. 

It  must  also  be  borne  in  mind  that  the  mean  negative  velocities  are 
probably  as  much  less  than  the  corresponding  maximum  negative 
velocities  as  the  mean  immersed  section  of  the  boat  is  less  than  its  im- 
mersed midship  section.  It  will  be  observed  that  the  resistance 
curves  in  Fig.  3  indicate  considerable  sharjier  curvature  for  the  Dort- 
mund going  under  steam  than  for  the  twin  boat  Emhden  towed  by  the 
Goedhardt.  The  data  for  the  negative  velocity  curves  for  these  two 
cases  show  small  divergencies  in  the  same  direction,  but  these  are  not 
marked  enough  to  make  separate  curves  necessary.  Though  the 
action  of  the  Dortmund  screw  doubtless  had  some  effect,  the  differ- 
ence in  the  resistance  curves  in  these  two  cases  is  probably  principally 
due  to  the  necessarily  inexact  result  of  reducing  to  indicated  horse- 
power the  resistance  of  the  Embden,  which  was  measured  in  the  tow 
Une. 

There  is  perhaps  no  phenomenon,  incident  to  canal  navigation, 
where  considerable  speed  is  desired,  so  important  in  determining  the 
proper  section  of  the  canal  prism  as  this  of  the  negative  current 
induced  by  its  operation,  as  such  current  cannot  be  permitted  to  ac- 
quire a  velocity  destructive  to  the  integrity  of  the  earthwork,  and 
these  experiments  afford  the  first  and  only  important  contribution  to- 
our  knowledge  on  this  subject. 


SWEET   ON   CANAL   NAVIGATION. 


441 


Mean  negative  velocities,  in  metei-s  per  second,  and  feet  per  eecondL 


442  SWEET   ON   CANAL   NAVIGATION". 

Let  us  consider  the  applicability  of  the  results  to  canals  of  larger 
section,  in  which  the  limit  of  allowable  speed  is  a  question  of  the 
first  importance.  The  difference  of  conditions  which  might  affect  the 
negative  velocity  in  a  ship  canal,  compared  with  this  Dortmund-Ems 
barge  canal,  navigated  by  steel  boats  of  like  model,  with  equal  values 
of  r,  affect  only  that  element  of  the  total  resistance  represented  by 
the  friction  of  the  disturbed  particles  of  water  upon  one  another  on 
account  of  the  greater  distance  between  the  wet  surface  of  the  boat 
and  that  of  the  canal  in  the  former  case. 

It  is  well  known  that  when  a  boat  moves  in  shallow  water  the 
proximity  of  the  boat's  bottom  to  the  ground  retards  the  speed  of  the 
boat,  owing  to  the  friction  among  the  particles  of  water  lying  between 
the  boat  and  the  ground  induced  by  the  friction  of  the  boat's  surface 
carrying  along  the  water  adhering  to  it,  while  the  friction  of  the 
ground  retards  the  water  adjacent  to  its  surface,  thus  setting  up  mo- 
tion and  friction  among  the  pai'ticles  of  water  between  these  surfaces. 

This  retardation  diminishes  rapidly  as  the  distance  between  the 
boat  and  the  ground  increases,  and  this  element  of  resistance  is  doubt- 
less negligible  in  seeking  the  relation  between  the  negative  velocities 
in  the  Dortmund-Ems  canal  and  those  in  a  larger  canal,  except  that 
due  to  the  depth  of  water  under  the  boat.  It  will  be  remembered  that 
the  larger  values  of  r,  in  Haack's  experiments  were  obtained  with  the 
boats  at  light  draft,  leaving  2  to  3  tt.  of  water  under  them,  and  are  there- 
fore directly  comparable  with  the  boats  of  like  model  running  equally 
near  the  bottom  in  large  canals,  where  the  values  of  r  are  identical. 

The  effect  of  model,  on  both  resistance  and  negative  velocity,  is 
shown  by  comparing  the  curves  for  the  Dortmund  and  Embden,  having 
a  coefficient  of  displacement  of  0.88,  with  those  of  the  Lloydkahn,  having 
a  coefficient  of  0.76,  the  resistance  and  negative  velocity  both  being  less 
in  the  case  of  the  Lloydkahn,  with  r  =  4.30,  than  in  the  case  of  the 
Dortmund  and  the  Embden,  with  r  =  4.76. 

The  writer  is  convinced  that  these  ciirves  can  be  used  without 
serious  error  in  determining  the  approximate  mean  negative  velocities 
of  boats  having  block  displacements  of  0.75  to  0.90  for  the  values  of  r 
which  they  cover,  from  which  the  maximum  negative  velocities  can  be 
derived  from  the  coefficient  of  the  boat's  displacement. 

Limits  of  Dirigibility  in  Canals. — The  observations,  made  during  the 
progress  of  Haack's  experiments,  upon  the  steering  qualities  of  the  ex- 
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perimental  boats,  at  different  dej^ths  of  draft  and  different  rates  of  speed, 
are  interesting  and  important.  They  sliow  that  with  2  ft.  of  water,  or 
more,  under  the  boats  when  at  rest,  and  the  value  of  r  more  than  4,  the 
difficulties  of  steering  did  not  become  serious  until  the  negative  veloc- 
ity approximated  3  ft.  per  second,  but  that  with  little  more  than  1  ft.  of 
water  under  them,  and  the  value  of  r  about  3. 25,  the  boats  became  diffi- 
cult to  steer  when  the  mean  negative  velocity  was  only  2  ft.  per  second. 

The  rationale  of  these  steering  difficulties  is  not  far  to  seek. 

It  is  clearly  impossible  to  propel  a  vessel  accurately  upon  the 
center  line  of  a  narrow  channel,  and  if  it  is  moving  off'  this  center  line 
the  sinking  of  the  water  surface  will  be  unequal  at  its  sides,  because 
the  void  created  by  its  motion  is  equal  on  both  sides  and  must  be 
filled  by  the  water  adjacent,  necessarily  resulting  in  a  greater  depres- 
sion of  the  water  surface  between  the  vessel  and  the  contiguous  shore 
than  on  the  opposite  side;  the  difference  of  head  creating  a  pressure 
tending  to  move  the  boat  toward  the  near  shore.  This  tendency  is 
increased  greatly  by  the  turning  moment  induced  by  the  greater  neg- 
ative current  on  the  narrower  side  of  the  channel,  obviously  tending 
to  turn  the  bow  of  the  vessel  toward  the  same  shore.  It  is  true  that 
these  effects  are  diminished  because  the  change  of  head  on  opposite 
sides  of  the  boat  induces  a  current  under  it,  the  volume  of  which  de- 
pends on  the  depth  of  water  existing  there.  It  is  the  relative  efficiency 
of  this  current,  which  depends  upon  the  depth  of  water  under  the 
boat,  that  explains  the  greater  difficulty  of  steering  in  a  canal  which  is 
shallow  as  well  as  narrow,  than  in  one  of  like  width,  but  deeper. 

As  a  concrete  example,  Herr  Haack's  analysis  gives  the  following 
conditions  for  the  Lloydkalni  moving  at  the  rate  of  1.60  m.  per  second 
at  a  draft  oi  1.65  m.,  2  m.  to  starboard  of  the  middle  of  the  Dort- 
mund-Ems Canal:  Sinking  of  water  surface  0.089  m.  greater  on  star- 
board than  on  port  side;  mean  negative  velocity  0.285  m.  per  second 
greater  on  that  side;  and  turning  moment  to  starboard  135  kgr. 

The  light  which  these  experiments  have  thrown  upon  these  prob- 
lems of  negative  velocities  and  dirigibility  emphasizes  the  importance 
of  assigning  a  liberal  value  to  r,  in  the  design  of  canals  where  speed  is 
highly  desirable;  and  also  the  fact  that  width  may  with  advantage  be 
sacrificed  for  depth  in  realizing  a  given  value  for  r. 

Such  a  modification  in  the  prevailing  ratios  of  canal  depth  to  width 
would  diminish  the  resistance  to  propulsion,  as  well  as  the  back  flow 
and  the  steering  difficulties. 
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